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Preface 


This  volume  contains  114  contributed  and  13  invited  manuscripts  of  papers  presented  at 
the  Tenth  International  Conference  on  Electronic  Properties  of  Two-Dimensional  Systems 
(EP2DS-10),  which  was  held  in  Newport,  Rhode  Island,  31  May-4  June,  1993.  Over  250 
scientists  attended  the  conference,  making  it  the  largest  in  the  series  to  date.  142  papers  were 
presented  at  the  conference,  either  orally  or  as  posters.  In  order  to  maintain  the  small  size 
and  lively,  informal  atmosphere  that  has  been  traditional  in  this  series,  only  about  40%  of  the 
submitted  abstracts  were  accepted  by  the  Program  Committee  as  contributed  papers.  The 
selection  process  is  difficult  and  fraught  with  potential  for  error,  but  I  believe  that  the  papers 
contained  in  these  proceedings  constitute  a  representative  cross  section  of  the  recent  work  in 
this  field,  and  contain  among  them  some  of  the  best  recent  work. 

As  has  been  the  case  in  previous  conferences  the  focus  of  EP2DS-10  was  the  fundamental 
physics  and  phenomena  related  to  electronic  excitations  in  systems  exhibiting  dimensionality 
less  than  three.  In  spite  of  the  specificity  and  limited  dimensionality  of  the  conference  title,  a 
large  fraction  of  the  papers  presented  was  concerned  with  dimensionality  less  than  two, 
consistent  with  the  trends  of  the  past  few  conferences.  Approximately  30%  of  the  papers 
presented  were  concerned  with  electronic  phenomena  associated  with  one  and  zero  dimen¬ 
sions,  reflecting  the  general  directions  of  this  field.  A  large  number  of  papers  again  were 
concerned  with  the  quantum  Hall  effect,  the  fractional  quantum  Hall  effect  and  the  regime  of 
electron  densities,  temperatures  and  magnetic  fields  associated  with  the  Wigner  crystal.  A 
large  fraction  of  the  meeting  was  also  devoted  to  quantum  wires  and  dots  and  to  mesoscopic 
phenomena,  including  chaotic  motion  of  carriers  in  laterally  patterned  nanostructures.  There 
was  a  special  invited  symposium  featuring  studies  of  few-electron  transport  in  lateral  nano¬ 
structures,  and  a  focused  session  on  low-dimensional  organic  crystals,  a  new  topic  for  this 
series. 

The  conference  would  not  have  been  possible  without  substantial  sponsorship  from 
government  agencies.  I  am  grateful  to  those  agencies  listed  on  the  following  page  for  their 
support,  and  particularly  to  Larry  Cooper,  Clive  Perry  and  Michael  Stroscio.  Additional 
support  was  provided  by  the  Department  of  Physics  at  SUNY  at  Buffalo  and  the  Center  for 
Advanced  Materials  Research  at  Brown  University. 

No  conference  can  take  place  without  many  hours  of  hard  work  by  many  people.  I  enjoyed 
working  with  the  members  of  the  organizing  committee,  and  I  thank  them  for  their  many 
contributions  over  the  past  (almost)  two  years  in  planning,  organizing  and  executing  this 
conference.  The  Program  Committee,  under  the  guidance  of  Emilio  Mendez,  had  a  particu¬ 
larly  trying  task  in  selecting  a  relatively  small  fraction  of  the  more  than  300  excellent  abstracts 
received.  I  am  grateful  to  the  members  of  this  committee  for  their  long  hours  and  conscien¬ 
tious  efforts  during  this  process.  The  International  Advisory  Committee  made  numerous 
suggestions  for  invited  speakers  and  topics;  many  of  these  suggestions  are  reflected  in  the 
program.  Local  arrangements  were  handled  expertly  by  Sue  Masoian  and  her  staff  under  the 
watchful  eye  of  Arto  Nurmikko.  I  am  particularly  grateful  to  Sue  for  the  splendid  arrange¬ 
ments  for  registration,  housing,  meals,  reception  and  conference  dinner  at  Salve  Regina 
University  and  the  conference  excursion,  as  well  as  for  her  diplomatic  dealings  with  a  large 
number  of  scientists  with  their  myriad  of  requests  for  both  standard  and  special  treatment. 
Thanks  are  also  due  to  the  staff  at  Brown  University,  Susan  Whitney  and  Toni  Barbosa,  for 
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Abstract 

Recent  experiments  have  shown  that  a  quantized  Hall  plateau  can  occur  in  double-layer  systems  at  total  filling 
factor  v  =  1  /2,  though  there  is  no  plateau  at  v  =  1/2  in  a  normal  single-layer  system.  For  the  single-layer  system, 
considerable  insight  has  been  provided  by  a  theory  based  on  the  fermion  Chern-Simons  picture,  where  the  electrons 
are  transformed  into  fermions  that  carry  two  flux  quanta  of  a  Chern-Simons  gauge  field.  A  similar  picture  can  be 
used  to  characterize  ground  states  which  have  been  proposed  for  the  two-layer  system. 


1.  Introduction 

During  the  course  of  the  past  few  years,  as 
experiments  have  continued  to  reveal  the  struc¬ 
ture  of  electronic  states  in  a  partially  filled  Lan¬ 
dau  level,  a  variety  of  theoretical  approaches 
have  been  developed  to  understand  these  sys¬ 
tems.  One  of  the  most  useful  of  these  approaches 
employs  a  singular  gauge  transformation  to  con¬ 
vert  the  electrons  to  a  system  of  particles  interact¬ 
ing  with  a  Chern-Simons  gauge  field  [1-11].  In 
this  description,  a  flux  tube  containing  an  integer 
number  <f)  of  quanta  of  the  Chern-Simons  mag¬ 
netic  field  is  attached  to  each  particle.  If  <j)  is  an 
even  integer  [5-11],  then  the  transformed  parti¬ 
cles  obey  Fermi  statistics.  The  motivation  for 
employing  this  singular  gauge  transformation  is 
that  for  various  rational  values  of  the  Landau- 
level  filling  factor  v ,  with  an  appropriate  choice 
of  <£,  if  one  treats  the  transformed  system  in  a 
simple  Hartree  approximation,  the  resulting 
ground  state  is  nondegenerate,  and  therefore  has 


a  reasonable  chance  of  being  a  good  first  approxi¬ 
mation  to  the  true  ground  state  of  the  system. 
Moreover,  one  may  hope  to  calculate  corrections 
to  the  ground  state  and  study  the  dynamic  re¬ 
sponse  of  the  system  by  using  standard  tech¬ 
niques  of  diagrammatic  perturbation  theory,  be¬ 
ginning  with  the  Hartree  ground  state  [9,10,12]. 

As  an  important  example,  if  v  =p/(2p  +  1), 
where  p  is  a  positive  or  negative  integer,  and  if 
we  choose  =  2,  then  the  mean-field  ground 
state  of  the  transformed  system  is  a  collection  of 
fermions  in  an  effective  magnetic  field  whose 
strength  is  such  that  exactly  |  p  |  Landau  levels  are 
filled  by  fermions.  The  ground  state  is,  therefore, 
stabilized  by  an  energy  gap  separating  it  from  the 
excited  states.  This  provides  a  natural  explana¬ 
tion  for  the  most  prominent  fractional  quantized 
Hall  states,  which  are  observed  at  these  filling 
fractions.  At  the  mean-field  level,  the  fermion 
Chern-Simons  description  is  essentially  equiva¬ 
lent  to  Jain’s  composite  fermion  description  of 
these  quantized  Hall  states  [8]. 
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In  a  recent  paper  (HLR),  P.A.  Lee,  N.  Read, 
and  the  present  author  employed  the  fermion 
Chern-Simons  method  to  analyze  the  properties 
of  a  single  layer  system,  at  v  =  1/2  and  at  various 
other  even  fractions,  where  the  quantized  Hall 
effect  has  not  been  observed  [10].  At  v  =  1/2,  if 
one  chooses  4>  =  2,  the  average  Chern-Simons 
field  just  cancels  the  external  magnetic  field,  so 
that  the  Hartree  ground  state  is  just  a  filled 
Fermi  sea  of  particles,  in  zero  magnetic  field, 
with  Fermi  wavevector  kF  =  (47rne)1/2.  (Here  n& 
is  the  areal  density  of  the  electrons.  We  assume 
that  the  electron  spins  are  fully  aligned  by  the 
Zeeman  field.)  Although  there  is  no  energy  gap 
in  this  case,  the  density  of  states  for  low  energy 
particle-hole  excitations  is  small,  so  that  there  is 
reason  to  hope  that  the  mean-field  ground  state 
may  be  stable  with  respect  to  the  particle-par¬ 
ticle  interactions,  similar  to  the  case  of  an  ordi¬ 
nary  Fermi  liquid.  The  detailed  analysis  of  HLR 
gives  rise  to  predictions  for  various  properties  of 
the  v  —  1/2  system,  which  seem  to  be  in  excellent 
qualitative  agreement  with  experiments  and  with 
exact  calculations  of  finite  system.  The  most  strik¬ 
ing  of  these  predictions  is  an  explanation  for  the 
surface  acoustic  wave  anomalies  observed  by  Wil¬ 
lett  and  coworkers  [13,14].  A  summary  of  the 
most  important  results  of  the  fermion  Chern- 
Simons  theory  in  the  single  layer  system  will  be 
given  in  Section  2  below. 

As  is  now  well  known,  a  quantized  Hall  plateau 
at  total  filling  v  =  1/2  has  recently  been  observed 
in  certain  double-layer  systems  by  groups  at 
Princeton  and  Bell  Laboratories  [15,16].  A  plateau 
at  filling  fraction  v  =  5/2  was  observed  earlier  in 
single-layer  systems  by  Willett  et  al.  [17].  Al¬ 
though  various  explanations  for  these  states  have 
been  advanced,  there  remains  a  considerable 
amount  of  debate  about  the  precise  form  of  the 
ground  state  in  various  cases.  I  am  not  able  to 
settle  these  questions,  but  I  will  try  to  outline  in 
Section  3  below  how  the  various  postulated  quan¬ 
tized  Hall  states  may  be  at  least  formulated  in 
terms  of  the  fermion  Chern-Simons  picture  as 
states  with  various  forms  of  BCS  pairing  among 
the  particles  near  the  Fermi  surface.  This  sug¬ 
gests  a  simple  phase  diagram  for  how  the  various 
states  may  be  connected. 


2.  The  single-layer  system 


We  summarize  here  some  of  the  key  results  of 
the  analysis  of  HLR  [10]  for  a  fully  polarized 
single-layer  system  at  v  =  1/2. 

The  density  and  current  response  functions 
have  been  obtained  using  the  random  phase  ap¬ 
proximation  (RPA)  or  time-dependent  Hartree 
approximation.  Here  the  transformed  fermions 
are  treated  as  free  particles  which  respond  to  the 
self-consistent  Chern-Simons  electric  and  mag¬ 
netic  field  ( e(r ,  t))  and  ( b(r ,  t )),  as  well  as  to 
the  external  electromagnetic  field  and  the  self- 
consistent  Coulomb  potential  of  the  particles 
[9,10,12].  The  equations  for  (b)  and  (e)  are 

{b)=2ir4>{p),  (2.1) 

(e)=  -2tt  $zx(j),  (2.2) 

where  <p>  and  (j)  are  the  particle  density  and 
current,  respectively,  and  <j>  =  2.  The  system  is 
found  to  be  “compressible”  at  long  wavelengths, 
which  means  more  precisely  that  the  static  den¬ 
sity  response  function  xPP (<?)  is  determined  by 
the  diverging  Coulomb  interaction  for  q  ->  0: 

2ire2 

xPP{q)  =  •  (2-3) 


The  frequency-dependent  density  response  func¬ 
tion  xPP(q>  has,  in  addition  to  the  pole  at  the 
cyclotron  frequency  that  exhausts  the  /-sum  rule 
for  q  ->  0,  a  diffusive  pole  at  a  low  frequency 
a)  =  -iy  which  we  write  in  the  form 

yq  =  <l2v(q)crxx(q),  (2.4) 


where  crxx(q)  is  the  wavevector-dependent  longi¬ 
tudinal  conductivity  (we  assume  q\\x).  According 
to  the  RPA,  for  a  system  without  impurities, 
<rxx(q)  is  given  by  [10] 


Vxx(q)  = 


8irh  k 


(2.5) 


More  generally,  if  impurity  scattering  is  taken 
into  account,  we  expect  that  (2.5)  applies  for 
q  »  r1,  where  /  is  the  transport  mean  free  path 
at  v  =  1  /2.  For  q  -»  0,  the  conductivity  goes  to  a 
finite  value  which  may  be  obtained  by  replacing  q 
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on  the  right-hand  side  of  (2.5)  by  (2/-1).  The 
value  of  /  is  expected  to  be  much  smaller  than 
the  transport  mean  free  path  in  zero  magnetic 
field.  This  is  because  the  dominant  mechanism 
for  scattering  of  carriers  at  v  =  \/2  comes  from 
static  fluctuations  of  the  Chern-Simons  magnetic 
field  due  to  inhomogeneities  in  the  electron  den¬ 
sity  induced  by  random  variations  in  the  density 
of  charged  impurities  in  the  doping  layer,  a  mech¬ 
anism  which  does  not  occur  for  electrons  in  zero 
magnetic  field  [18].  A  crude  estimate  of  /,  at 
v  =  1/2,  was  obtained  by  assuming  that  the 
charged  impurities  are  uncorrelated  within  the 
doping  layer,  and  are  equal  in  number  to  the 
electrons  in  the  conducting  layer.  If  scattering  is 
treated  in  the  Born  approximation,  one  finds  a 
value  of  l  which  is  just  equal  to  the  setback 
distance  ds  of  the  doping  layer  in  this  model  [10]. 
Experiments  suggest  that  our  crude  estimate  for  / 
is  about  a  factor  of  three  smaller  than  the  actual 
values  in  the  highest  mobility  samples  [14,19], 

An  important  effect  arising  from  dynamic  fluc¬ 
tuations  of  the  Chern-Simons  vector  potential  is 
a  large  renormalization  of  the  effective  mass  of 
the  transformed  fermions.  If  the  bare  mass  is 
small,  so  that  the  cyclotron  energy  is  large  com¬ 
pared  to  the  scale  of  the  electron-electron  inter¬ 
actions,  then  the  effective  mass  becomes  inde¬ 
pendent  of  the  bare  mass,  and  is  determined  by 
the  electron-electron  interaction.  Using  a  self- 
consistent  analysis  based  on  the  leading  diagrams 
in  perturbation  theory,  HLR  propose  that  there 
is  a  logarithmic  divergence  of  the  effective  mass 
at  the  Fermi  energy  for  Coulomb  interactions, 
and  a  stronger  power-law  divergence  for  short 
range  interactions,  but  that  the  most  essential 
features  of  Fermi  liquid  theory  are  preserved  in 
either  case.  Note  that  expressions  (2.3)— (2.5)  for 
the  density  response  function  and  the  conductiv¬ 
ity  are  independent  of  the  electron  mass,  and  we 
believe  that  they  are  not  affected  by  the  divergent 
mass  renormalization.  (The  results  for  the  mean 
free  path  in  the  presence  of  impurities  are  also 
independent  of  the  electron  mass.) 

One  place  where  the  effective  mass  enters 
directly  is  in  the  expression  of  HLR  for  the 
energy  gaps  for  the  principal  quantized  Hall 
states  at  v=p/(2p  +  1).  For  an  interaction  that 


behaves  like  e2/er  at  large  distances,  HLR  pre¬ 
dict  the  following  asymptotic  form  for  the  energy 
gap  at  large  p: 

4  e2  1 

- T  ...  r—-r,  (2.6) 

7 r  e/0  D(ln  D  +  C) 

where  D  =  \  2p  +  1 1  is  the  denominator  of  the 

fraction  and  C  is  a  constant  which  depends  on 
the  short  distance  behaviour  of  the  potential. 
(This  formula  is  based  on  a  self-consistent  analy¬ 
sis  of  the  leading  correction  to  the  quasiparticle 
self-energy  arising  from  interactions  with  fluctua¬ 
tions  in  the  transverse  gauge  field;  it  is  possible 
that  it  may  be  modified  by  other  singular  contri¬ 
butions.)  A  good  fit  to  numerical  estimates  [20]  of 
the  energy  gaps  at  v  =  1/3,  2/5,  and  3/7,  for  a 
pure  Coulomb  interaction,  may  be  obtained  by 
choosing  C «  2.5  in  that  case.  The  effects  of 
finite  layer  thickness  and  inter-Landau-level  mix¬ 
ing,  which  occur  in  any  real  sample,  would  tend 
to  increase  the  value  of  C  still  further.  An  energy 
gap  of  the  form  (2.6),  with  a  relatively  large  value 
of  C,  also  gives  a  good  fit  to  the  data  of  Du  et  al. 
[21],  provided  that  one  accepts  the  proposal  of 
those  authors  that  the  effects  of  impurity  scatter¬ 
ing  may  be  taken  into  account  by  subtracting  a 
constant  T,  independent  of  v ,  from  the  theoreti¬ 
cal  energy  gap. 

The  linear  wavevector  dependence  of  axx(q ), 
predicted  by  (2.5)  for  v  —  \ /2,  is  just  what  is 
needed  to  explain  the  anomalous  surface  acoustic 
wave  propagation,  seen  at  short  wavelengths  by 
Willett  et  al.  [14].  The  absolute  values  of  crxx(q) 
extracted  by  Willett  et  al.  from  their  data  are 
larger  than  the  theoretical  values  obtained  from 
(2.5),  however,  by  a  factor  of  ~  2.  The  theory  of 
HLR  also  predicts  that  the  width  of  the  anomaly 
should  depend  linearly  on  q  as  the  magnetic  field 
is  varied  away  from  the  field  corresponding  to 
v  =  1  /2.  This  is  in  good  agreement  with  the  ex¬ 
perimental  observations. 

Quasiparticle  states  for  the  transformed 
fermions  which  lie  close  to  the  Fermi  energy 
should  not  have  a  significant  overlap  with  the 
wavefunction  of  a  single  electron  added  to  the 
ground  state  of  a  v  =  1/2  system.  A  recent  analy¬ 
sis  by  He,  Platzman  and  Halperin  [22],  building 
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on  the  results  of  HLR,  suggests  that  the  spectral 
density  A(co)  for  the  electron  Green’s  function 
vanishes  as  e_a;o/,wj,  for  |<y|->0,  where  o)0  is  a 
constant.  Following  this  analysis,  they  predict  a 
pseudogap  in  A((o),  which  is  in  reasonable  agree¬ 
ment  with  recent  tunneling  experiments  [23]. 

The  general  methods  of  HLR  can  be  applied 
to  various  other  even-denominator  fractions,  in¬ 
cluding  v  =  1/4,  3/4,  3/2,  3/8,  etc.  Chklovskii 
and  Lee  have  shown,  however,  that  a  more  so¬ 
phisticated  analysis  is  necessary  to  understand 
the  value  of  the  electrical  conductivity  axx  at  the 
higher  order  even  fractions,  because  the  Born 
approximation  for  scattering  becomes  quite  poor 
in  this  situation  [24]. 


3.  Double-layer  systems 

As  a  model  to  describe  a  double-layer  system, 
we  shall  introduce  an  “isospin”  index  r  =  ±  1, 
which  distinguishes  between  the  two  layers,  in 
addition  to  the  position  r  in  the  x-y  plane.  The 
Coulomb  interaction  between  two  electrons  then 
has  different  forms  V++(r  —  r')  and  V+_(r  —  r'), 
depending  on  whether  the  two  electrons  are  in 
the  same  or  in  different  layers  [25].  In  the  sim¬ 
plest  case  where  each  separate  layer  is  consid¬ 
ered  to  be  of  zero  thickness,  we  may  write 

V++(r)  =e2/er,  (3.1) 

V+-{r)  =  e2/e(r2  +  d2)1/2,  (3.2) 

where  d  is  the  separation  between  the  layers.  In 
addition,  we  introduce  a  term  to  represent  tun¬ 
neling  between  the  layers,  which  we  write  as 

H,=  -tIx,  (3.3) 

where  t  is  the  tunneling  matrix  element,  and  Ix  is 
the  x  component  of  the  total  isospin  operator  /. 
We  assume  that  the  actual  spins  of  the  electrons 
are  completely  polarized  in  the  direction  of  the 
magnetic  field,  and  we  consider  only  the  case 
where  there  is  a  mirror  symmetry  between  the 
two  layers.  In  our  discussions  we  consider  that 
the  system  employed  in  Ref.  [15],  consisting  of  a 
single  wide  quantum  well  in  which  the  self-con¬ 
sistent  Coulomb  potential  creates  a  barrier  in  the 


middle  of  the  well,  with  maxima  in  the  electron 
density  at  the  two  edges,  is  equivalent  to  a  dou¬ 
ble-layer  system  with  a  relatively  large  value  of 
the  tunneling  matrix  element  t. 

We  shall  limit  our  discussions  here  to  the  case 
where  the  total  filling  factor  v  is  equal  to  1/2; 
i.e.  there  is  a  total  of  one  electron  per  flux 
quantum  in  the  two  layers  combined.  Then,  if  the 
system  is  confined  to  the  lowest  Landau  level, 
there  are  essentially  two  dimensionless  parame¬ 
ters  in  our  model  d  =  d/l0 ,  and  t  =  t /(e2J el Q). 

Let  us  first  consider  the  case  where  d  =  0,  so 
that  V+_.  If  t  is  also  equal  to  zero,  then 

the  Hamiltonian  H0  possesses  full  SU(2)  symme¬ 
try  in  the  isospin  I.  In  fact,  H0  is  equivalent  to 
the  Hamiltonian  for  a  single-layer  system  with 
two  spin  states  and  no  Zeeman  term  to  split  the 
degeneracy.  The  simplest  assumption  (though  not 
universally  believed  [26])  is  that  the  ground  state 
of  the  single  layer  system  would  be  completely 
polarized  at  v  =  1  /2,  even  in  the  absence  of 
Zeeman  interactions.  If  this  is  the  case,  then  for 
the  two-layer  system  with  d  =  0,  the  effect  of  Hn 
for  any  positive  value  of  t,  is  simply  to  align  the 
isospin  polarization  in  the  x-direction.  Specifi¬ 
cally,  this  means  that  every  electron  is  restricted 
to  the  isospin  state  Ix  =  1/2,  i.e.,  the  lowest  sub¬ 
band,  which  is  the  even  combination  of  states  in 
the  two  layers.  Since  the  Hamiltonian  is  equiva¬ 
lent  to  that  of  a  fully  polarized  single-layer  sys¬ 
tem,  we  expect,  as  discussed  in  Section  2  above, 
that  the  ground  state  can  be  described  by  gauge 
transformed  fermions  with  a  single  Fermi  surface, 
having  kF  =  (47rnQ)1/2  =  /q1,  and  no  quantized 
Hall  effect. 

Let  us  now  consider  the  case  where  d  is 
nonzero  and  t  is  infinite.  Every  electron  must 
have  Ix  —  1  /2,  and  hence  all  electrons  have  the 
same  interaction,  F(r)  =  \[V++(r)  +  V+_(r)].  If 
d  is  very  large,  then  V+-~  0,  and  V(r )  ~  \V++(r). 
Therefore,  for  large  d \  the  ground  state  is  the 
same  as  for  d  =  0,  and  we  expect  to  find  a  Fermi 
surface  with  no  quantized  Hall  effect.  (The  only 
change  from  d  =  0  is  that  the  energy  scale  is 
reduced  by  a  factor  of  2.) 

According  to  the  numerical  calculations  of 
Greiter,  Wen  and  Wilczek  [27]  for  a  two-layer 
system  with  t  =  oo?  there  should  exist  an  interme- 
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diate  range  dmin<d<dmax,  where  a  quantized 
Hall  effect  does  occur  at  v  —  1  /2.  Their  calcula¬ 
tions  suggest  that  the  quantized  Hall  state  has  a 
very  high  overlap  with  the  so-called  Pfaffian  state, 
originally  described  by  Moore  and  Read  [5],  and 
further  analyzed  by  Greiter  et  al.  [7],  From  the 
point  of  view  of  the  ground  state  symmetry,  this 
state  can  also  be  understood  in  terms  of  the 
fermion  Chern-Simons  picture  as  a  state  where 
the  fermions  near  to  the  Fermi  surface  are  paired 
in  a  BCS-like  state,  with  orbital  angular  momen¬ 
tum  lz  =  —  1,  and  isospin  Ix  =  1.  (In  terms  of 
untransformed  electrons,  the  state  may  be  crudely 
described  as  made  up  of  pairs  with  angular  mo¬ 
mentum  lz  =  1,  which  are  then  “condensed”  into 
a  Laughlin  state  of  degree  m  =  8.)  Moore  and 
Read  have  suggested  that  the  charged  excitations 
of  the  Pfaffian  state  have  a  different  kind  of 
statistics  from  what  might  be  expected  in  a  simple 
pairing  state,  and  perhaps  there  are  other  subtle 
differences  as  well.  We  shall  not  distinguish  here, 
however,  between  the  Pfaffian  state  and  the 
Chern-Simons  BCS  state  with  pairing  lz  =  —  1 
and  4=1. 

Let  us  next  consider  the  case  t  =  0,  d  ^  0. 
Now,  Iz  is  a  good  quantum  number  of  the  system, 
and  if  there  is  equal  population  of  the  two  layers, 
the  ground  state  must  have  Iz  =  0.  (For  d  =£  0,  the 
Hamiltonian  does  not  commute  with  Ix.  The 
ground  state  has  ( Ix )  =  0,  for  t  =  0,  but  is  not 
generally  an  eigenstate  of  Ix.)  In  the  limit  d  ->  oo5 
for  t  =  0,  the  system  becomes  two  uncoupled 
layers,  with  v  =  1/4  in  each  layer.  Experiments 
on  single-layer  systems  show  that  there  should  be 
no  quantized  Hall  effect  in  this  case  [14].  Accord¬ 
ing  to  the  theory  of  HLR,  there  should  be  a 
separate  Fermi  surface  of  transformed  fermions 
in  each  layer  (seeing  separate  Chern-Simons 
field,  with  <£  =  4,  in  each  layer),  and  a  Fermi 
wavevector  kF  =  (2 77 -n&)l/2  -  (2 /q)“1/2. 

Numerical  calculations  for  systems  with  t  =  0 
again  indicate  that  for  an  intermediate  range 
^min  <  d  <  d'maxi  there  should  exist  a  quantized 
Hall  plateau  at  v  =  1/2  [28-30].  The  ground  state 
in  this  case  has  been  found  to  have  a  high  degree 
of  overlap  with  the  so-called  331  state,  first  pro¬ 
posed  in  1983  as  a  possible  generalization  of 
Laughlin’s  wavefunctions  to  an  even  denominator 


Fig.  1.  Possible  schematic  phase  diagram  for  the  ground  state 
of  a  two-layer  system  at  total  filling  v  =  1  /2.  Variables  d  and 
t  are  respectively  the  separation  between  layers,  in  units  of 
the  magnetic  length  l0,  and  the  tunneling  strength  between 
layers,  in  units  of  e2/el0.  Phase  A  has  two  essentially  inde¬ 
pendent  layers  of  filling  factor  v  =  1/4,  with  a  separate  Fermi 
surface  in  each  layer,  and  no  quantized  Hall  effect.  Phases  B 
and  B'  behave  like  a  single  layer  at  v  =  1/2,  with  electrons  in 
the  subband  which  is  an  even  combination  of  states  in  the  two 
layers.  These  phases  have  a  single  Fermi  surface  for  the  gauge 
transformed  fermions,  and  no  quantized  Hall  effect.  Phase  C 
is  a  quantized  Hall  state  which  evolves  continuously  as  a 
function  of  t  from  a  state  with  the  symmetry  of  the  “331 
state”  at  t  =  0,  to  a  state  with  the  symmetry  of  the  “Pfaffian” 
state  at  /  =  00. 


fraction  [31],  The  331  state  has  been  character¬ 
ized  by  various  authors  as  a  system  of  two  types 
of  fermions  (or  bosons)  with  a  2  X  2  matrix  of 
Chern-Simons  interactions  [32].  However,  the 
state  may  also  be  characterized  in  the  spirit  of 
Greiter  et  al.  [7]  as  a  system  of  fermions  coupled 
to  a  single  Chern-Simons  field  (with  coupling 
strength  =  2),  whose  ground  state  has  BCS 
pairing  with  lz  =  —  1  and  Iz  =  0. 

What  happens  for  intermediate  values  of  t, 
when  d  =£  0?  A  simple  schematic  phase  diagram, 
compatible  with  our  previous  discussion,  is  pre¬ 
sented  in  Fig.  1. 

The  phase  labeled  A  consists  of  two  essen¬ 
tially  independent  layers  with  v  =  1/4  and  a  sep¬ 
arate  Fermi  surface  for  transformed  fermions  in 
each  layer.  Phases  B  and  B'  have  a  large  value 
of  (4),  and  contain  a  single  Fermi  surface  for 
transformed  fermions  with  isospin  Ix=  1  /2,  the 
even  combination  of  states  in  the  two  layers. 

The  phase  labeled  C,  which  occurs  for  inter¬ 
mediate  values  of  the  parameter  d,  is  a  quantized 
Hall  state.  Within  the  fermion  Chern-Simons 
picture,  we  characterize  the  entire  phase  as  a 
state  with  a  BCS  gap  at  the  Fermi  surface  due  to 
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pairing  in  a  state  of  isospin  1  and  lz=  - 1.  Specif¬ 
ically,  we  expect  pairing  of  the  form 

ckTck,T,~Q(r)(kx-iky)fTT,c^',  (3.4) 

where  ckT  is  the  annihilation  operator  for  a  trans¬ 
formed  fermion  with  wavevector  k  and  isospin  r, 
the  wavevectors  k  and  k'  are  close  to  the  Fermi 
surface  at  diametrically  opposite  points,  and  Q(r ) 
is  an  order  parameter  whose  pair  correlation 
function  (Q+(r)Q(r'))  falls  off  at  large  separa¬ 
tions  as  a  power  of  \r  —  r'\  (i.e.,  the  system  has 
“quasi-long-range  order”  in  the  ground  state). 
The  matrix  frT>  is  symmetric  in  the  isospin  in¬ 
dices,  and  we  hypothesize  that  it  varies  continu¬ 
ously  as  a  function  of  the  tunneling  strength  t 
between  the  two  limits: 

/TT'^<5T;  _T-,  for  ?-»  0,  (3.5) 

f„>~*  1,  for  ?-»«>,  (3.6) 

corresponding  to  pairs  with  Iz  =  0  and  Ix  =  1, 
respectively.  We  also  expect  that  the  expectation 
value  <4>  for  the  total  isospin  of  the  electron 
system  should  increase  continuously  from  (Ix)  = 
0  at  t  =  0  to  (Ix)  —  N/2  (full  polarization)  at 
t  =  oo. 

Numerical  calculations  by  He  et  al.^  [29,30] 
suggest  that  for  the  values  of  t  and  d ,  which 
correspond  to  the  Princeton  and  Bell  Laborato¬ 
ries  experiments,  there  is  a  high  degree  of  over¬ 
lap  between  the  ground  state  at  v  =  1/2  and  the 
331  state,  which  has  Iz  =  0.  Thus,  it  appears  that 
there  is  only  a  small  amount  of  (Ix)  polarization, 
even  for  the  Princeton  experiment  where  t  is 
relatively  large. 

The  calculations  of  He  et  al.  [30]  support  the 
conjecture  that  a  quantized  Hall  state  should 
exist  for  an  intermediate  range  of  separations  d , 
for  any  value  of  the  parameter  t.  The  conjecture 
that  the  331  state  can  be  continuously  connected 
with  the  quantized  Hall  state  at  t  =  oo  is  also 
compatible  with  the  observation  by  Greiter  et  al. 
[7]  that  the  Pfaffian  state  is  realized  by  taking  the 
fully  antisymmetric  part  of  the  spatial  portion  of 
the  331  wavefunction. 

We  do  not  address  here  the  nature  of  the 
phase  transitions  between  the  various  regions  of 
Fig.  1.  Of  course,  we  cannot  exclude  at  this  stage 


the  possibility  that  the  actual  phase  diagram  is 
more  complicated,  with  various  other  intermedi¬ 
ate  phases  occurring.  Moreover,  if  our  starting 
assumption,  that  the  ground  state  for  t  =  d  =  0 
has  complete  spontaneous  alignment  of  the 
isospin  vector  J,  is  not  correct,  then  there  must 
be  a  more  complicated  phase  structure  than  we 
have  indicated  near  the  lower  left  corner  of  Fig. 
1.  Among  the  theoretical  possibilities  for  the 
ground  state  at  i  =  d  =  0  are  the  following:  (1) 
there  might  be  an  isospin  singlet  ground  state 
with  some  type  of  energy  gap,  which  would  thus 
exhibit  a  quantized  Hall  effect;  (2)  there  might  be 
an  isospin  singlet  ground  state  with  no  energy 
gap,  described  within  the  fermion  Chern-Simons 
picture  as  having  a  single  Chern-Simons  field, 
with  0  =  2,  and  a  Fermi  surface,  with  kF  = 
(27 rne)l/2,  for  each  isospin  state;  or  (3)  the  331 
state  might  exist  as  a  stable  ground  state  all  the 
way  down  to  the  point  t  =  d  =  0.  Since  the  331 
state  is  not  an  eigenstate  of  I2,  it  cannot  be  the 
true  ground  state  for  a  finite  system  at  t  —  d  —  0; 
however,  it  could  be  the  ground  state  of  an  infi¬ 
nite  system  if  there  is  a  spontaneously  broken 
isospin  symmetry. 

We  note  that  BCS  pairing,  in  the  fermion 
Chern-Simons  picture  with  0  =  2,  has  also  been 
used  to  discuss  the  spin-singlet  “hollow-core” 
ground  state  of  Haldane  and  Rezayi  [33],  origi¬ 
nally  proposed  as  an  explanation  for  the  quan¬ 
tized  Hall  state  of  a  single  layer  at  v  =  5/2.  (This 
is  a  state  where  the  lowest  Landau  level  is  com¬ 
pletely  full  and  there  is  a  one-half  electron  per 
flux  quantum  in  the  second  Landau  level.)  In  this 
case  the  BCS  pairing  has  lz  =  -  2  for  the  trans¬ 
formed  fermions,  corresponding  to  pairs  with  lz 
=  0  for  the  original  electrons  [5,7]. 

Note  Added  at  Conference .  Numerical  calcu¬ 
lations  by  R.  Morf,  reported  at  this  conference, 
suggest  that  the  correct  ground  state  for  t  =  d  =  0 
is  an  isospin  singlet  ground  state  with  no  energy 
gap,  as  in  possibility  (2)  mentioned  above.  If  this 
is  correct,  then  the  lower  left  corner  of  Fig.  1 
should  contain  a  new  phase  D,  having  a  single 
Chern-Simons  field  with  0  =  2,  and  two  Fermi 
surfaces,  with  radii  kF+  and  kF_ ,  corresponding 
to  fermions  with  Ix  =  1/2  and  Ix  =  - 1/2,  re¬ 
spectively.  As  t  is  increased,  the  ratio  kF~/kF+ 
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should  decrease  continuously  in  phase  D  from 
the  value  unity,  at  t  =  0,  until  the  boundary  with 
phase  B  is  encountered,  where  kF_  =  0.  The  sum 
kl_+  kF+  must  be  a  constant,  Aim^ 

Experimental  results  reported  by  Y.W.  Suen  at 
this  conference  suggest  that  in  actual  double-layer 
systems,  contrary  to  the  model  calculations  of 
Ref.  [27],  the  quantized  Hall  state  may  be  absent 
regardless  of  the  value  of  d,  when  t  is  sufficiently 
large.  If  this  is  correct,  then  the  QHE  state  C 
should  not  extend  all  the  way  to  the  right-hand 
boundary  of  Fig.  1.  Phases  B  and  B'  may  then  be 
united  into  a  single  phase,  connected  in  the 
right-hand  portion  of  the  figure. 

4.  Conclusion 

Although  many  details  remain  to  be  under¬ 
stood,  it  seems  clear  that  the  transformation  to 
fermions  with  a  Chern- Simons  field  is  a  powerful 
tool  for  understanding  the  behavior  of  electrons 
at  v  =  1  /2,  in  both  single-  and  double-layer  sys¬ 
tems. 
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Abstract 

Transport  studies  on  double-layer  two-dimensional  electron  systems  in  GaAs  double  quantum  wells  have  revealed 
quantum  Hall  states  at  total  filling  fraction  v  =  1/2  and  v  =  1.  We  conclude  that  these  states  arise  from  interlayer 
Coulomb  correlations,  based  on  studies  of  samples  with  different  densities  and  layer  separations  and  experiments 
utilizing  tilted  magnetic  fields. 


1.  Introduction 

The  standard  model  of  the  fractional  quantum 
Hall  effect  (FQHE)  describes  a  myriad  of  ob¬ 
served  odd-denominator  FQHE  states  in  terms  of 
a  fully  spin-polarized  two-dimensional  electron 
system  (2DES)  [1].  Recent  work  has  revealed 
novel  unpolarized  spin  configurations  for  the 
FQHE  states  at  various  Landau-level  filling  frac¬ 
tions  [2,3].  If  the  spin-flip  energy  is  not  too  large, 
the  2DES  can  exploit  the  spin  degree  of  freedom 
and  form  FQHE  states  not  contained  within  the 
standard  model.  In  particular,  the  only  known 
even-denominator  FQHE  in  a  conventional  sin¬ 
gle-layer  2DES  (at  Landau-level  filling  fraction 
v  =  5 /2),  is  thought  to  be  an  example  of  such  an 
unpolarized  state  [4].  By  analogy,  a  double-layer 
2DES  possesses  an  extra  degree  of  freedom,  the 
layer  index,  that  is  expected  to  give  rise  to  new 
FQHE  states  not  present  in  single-layer  systems 
[5-7]. 


*  Corresponding  author. 


Yoshioka  et  al.  [7]  systematically  outlined  the 
possibilities  for  new  FQHE  states  in  double-layer 
systems  using  the  two-component  Jastrow  wave- 
function  proposed  by  Halperin  [8]: 

-  Wj’)m  (Zk  -  Wk')n- 

In  this  wavefunction,  the  positions  of  electrons  in 
one  well  are  given  by  zt,  positions  in  the  other 
well  by  Wj.  The  exponents  m  and  m'  govern  the 
intra-layer  correlations,  while  the  cross-term  ex¬ 
ponent,  n,  governs  the  inter-layer  correlations. 
Note  that  only  m  and  m'  are  constrained  to  be 
odd  by  the  requirement  for  an  odd-parity  wave- 
function.  In  the  regime  where  inter-layer 
Coulomb  interactions  are  comparable  to  the  ordi¬ 
nary  intra-layer  interactions,  the  3 4  and 

states  have  been  proposed  as  candidate  ground 
states  for  a  double-layer  FQHE  at  v  =  1/2  and 
v  =  l,  respectively.  Since  the  magnetic  length  lB 
=  (h/eB)1/2  sets  the  length  scale  for  intra-layer 
Coulomb  interactions,  these  new  FQHE  states 
are  most  stable  in  double-layer  2DES  with  d/lE 
~  1,  where  d  is  the  inter-layer  spacing. 
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Insofar  as  intra-layer  correlations  are  con¬ 
cerned,  the  ^334  wavefunction  is  quite  similar  to 
the  original  Laughlin  1/3-state  and  the  ^44 
wavefunction  is  quite  similar  to  the  integral  QHE 
state  at  v  =  1.  However,  each  state  contains  addi¬ 
tional  inter-layer  correlations  which,  in  effect, 
keep  electrons  in  adjacent  layers  from  occupying 
the  same  position  in  the  2D  plane.  Since  inter¬ 
layer  tunneling  will  suppress  this  anticorrelation, 
these  new  FQHE  states  weaken  in  a  double-layer 
2DES  if  the  symmetric- antisymmetric  tunneling 
gap,  Asas,  is  not  substantially  smaller  than  char¬ 
acteristic  Coulomb  energies,  e2  /  el  B  [9]. 

In  this  paper  we  review  the  discovery  of  a  new 
FQHE  state  at  total  filling  factor  v  =  1/2  in  a 
double-layer  2DES  [10].  We  present  evidence  that 
both  this  and  the  quantized  state  at  v  =  1  arise 
from  an  interplay  of  intra-  and  inter-layer 
Coulomb  interactions. 


o 

0 

< 

Q 


Fig.  1.  Diagonal  resistivity  at  T  =  150  mK  and  Hall  resistivity 
at  7  =  430  mK.  Note  the  v  =  1/2  fractional  quantum  Hall 
state.  Temperature  dependence  of  pxx  near  v  =  1/2  is  also 
shown.  The  pxx  trace  for  B  <  1  T  has  been  amplified  ten-fold. 
Inset:  Schematic  conduction-band  diagram  of  the  double 
quantum  well. 


2.  Experimental  results 

For  these  experiments  a  series  of  modulation- 
doped  GaAs/AiGaAs  double  quantum  well 
(DQW)  structures  were  grown  by  molecular  beam 
epitaxy.  These  samples  were  designed  to  have 
minimal  tunneling  and  yet  still  to  be  coupled  via 
Coulomb  interactions.  The  details  of  the  sample 
growth  are  given  in  Ref.  [10].  The  electron  den¬ 
sity  was  balanced  between  the  two  wells  and 
standard  low-frequency  magnetotransport  tech¬ 
niques  were  employed.  We  define  the  Landau- 
level  filling  fraction  as  v  =  hNtot/eB,  with  Atot  the 
total  carrier  density  in  the  structure  and  B  the 
magnetic  field.  (Thus,  a  widely-spaced  double¬ 
layer  system  will  exhibit  only  even-integer  QHE 
states  and  fractional  QHE  states  with  even  nu¬ 
merators.)  Unless  otherwise  noted,  all  data  pre¬ 
sented  in  this  paper  come  from  a  sample  with  two 
180  A  wide  GaAs  quantum  wells  separated  by  a 
31  A  wide  undoped  pure  AlAs  barrier  layer  (giv¬ 
ing  d  =  211  A  and  Asas  ~  0.9  K). 

Fig.  1  shows  the  diagonal  resistivity  pxx  and 
Hall  resistivity  pxy  at  T  =  150  and  430  mK,  re¬ 
spectively.  Four  quantum  Hall  states,  both  inte¬ 
gral  and  fractional,  are  noted  by  their  total  filling 
fraction  v  as  defined  above.  As  the  figure  shows, 


a  new  FQHE  state,  with  the  requisite  deep  mini¬ 
mum  in  pxx  and  flat  Hall  plateau,  is  observed  at 
filling  fraction  v  =  1/2.  This  state  has  also  been 
observed  in  single  quantum  wells  which  are  suffi¬ 
ciently  wide  that  the  electrons  concentrate  near 
the  two  interfaces  [11]. 

Three  additional  samples,  listed  in  Ref.  [10] 
were  studied  in  order  to  clarify  the  role  of  inter¬ 
layer  correlations  in  the  observed  v  =  1/2  FQHE. 
The  v  —  1/2  state  was  found  to  monotonically 
weaken  as  the  density  increases.  This  is  an  un¬ 
usual  observation  since  the  single-layer  FQHE 
generally  becomes  stronger  at  higher  magnetic 
fields  owing  to  the  increasing  Coulomb  energy 
( e2/elB  a  Bx/2).  For  a  double-layer  system,  how¬ 
ever,  the  relative  magnitude  of  intra-  and  inter¬ 
layer  Coulomb  energies,  d/lB,  plays  a  critical 
role.  The  data  span  the  range  of  d //B  increasing 
from  2.4  to  2.9  as  the  v  =  1  /2  state  weakens. 
Further  increasing  d/l ^  to  3.6  (by  increasing  the 
barrier  thickness  to  99  A)  obliterates  all  evidence 
of  a  FQHE  at  v  =  1  /2.  This  provides  compelling 
evidence  that  the  v  =  1  /2  FQHE  derives  from 
inter-layer  electron-electron  interactions. 

Fig.  1  contains  several  QHE  features  in  addi¬ 
tion  to  the  new  state  at  v  =  1  /2.  The  states 
observed  at  v  =  2  and  2/3  both  have  well-known 
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counterparts  in  single-layer  systems.  For  v  —  2, 
this  is  the  ordinary  integral  QHE  obtained  when 
the  Fermi  level  lies  in  the  spin  gap  of  the  lowest 
Landau  level.  Similarly,  the  FQHE  seen  at  v  = 
2/3  corresponds  to  the  canonical  Laughlin  1/3- 
state  in  each  single  layer.  Finally,  the  data  in  Fig. 
1  also  reveal  a  strong  QHE  at  v  =  1,  for  which 
there  is  no  similar  single-layer  analog.  As  previ¬ 
ously  discussed,  this  v  =  1  state  could  arise  from 
the  inter-layer  correlations  built  into  the  ^  x  x 
state  [5-7].  A  v  =  1  state  could  also  arise,  how¬ 
ever,  if  the  two  layers  are  close  enough  to  be 
coupled  by  substantial  tunneling.  If  the  tunneling 
gap  between  the  lowest-lying  symmetric  and  anti¬ 
symmetric  states  is  experimentally  resolved,  then 
odd-integer  QHE  states  result  when  the  Fermi 
energy  lies  in  this  single-electron  energy  gap  [12]. 

Thus,  the  observed  QHE  state  at  v  =  1  could 
have  two  possible  origins:  single-particle  tunnel¬ 
ing  or  inter-layer  many-body  effects.  The  low- 
temperature  resistivity  data  shown  in  Fig.  2  sup¬ 
ports  the  many-body  alternative.  Consider  the 
lower  trace  taken  with  the  magnetic  field  perpen¬ 
dicular  to  the  2DES  (6  =  0°).  Strong  QHE  min¬ 
ima  are  observed  at  v  =  9,  7,  5,  and  1.  (We  will 
discuss  the  absence  of  the  v  —  3  QHE  later.) 
Application  of  an  in-plane  magnetic  field,  2?,,,  has 


Fig.  2.  Low-field  pxx  at  T  =  70  mK  versus  the  perpendicular 
component  of  the  magnetic  field  for  magnetic  field  tilted  0° 
and  60°  from  normal  to  the  2DES.  Note  the  v  =  9,  7,  and  5 
states  are  destroyed  by  an  in-plane  magnetic  field,  while  the 
v  =  1  is  not.  This  is  evidence  that  the  v  =  1  state  arises  from 
inter-layer  Coulomb  interactions.  The  missing  v  =  3  state  is 
discussed  in  the  text. 
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Fig.  3.  Activation  energy  of  the  quantized  state  at  v  =  1  versus 
in-plane  magnetic  field,  By.  The  dashed  line  (normalized  to 
the  data  at  =  0)  is  the  calculated  dependence  of  a  single¬ 
particle  tunneling  gap  at  v  =  1.  The  relative  independence  of 
the  activation  energy  over  the  range  1  <  <  8  T  is  strong 

evidence  that  the  v  =  1  state  of  Fig.  2  does  not  arise  from 
single-particle  tunneling. 


Bjl=4.364T 


been  shown  to  destroy  v  —  odd  QHE  states  which 
arise  from  tunneling  [12].  This  effect  is  due  to  a 
reduction  of  the  tunneling  matrix  element  stem¬ 
ming  from  the  requirement  of  conserved  canoni¬ 
cal  momentum.  It  assists  us  in  discriminating 
between  the  single-particle  and  collective  variants 
of  the  v  —  1  QHE.  The  upper  trace  in  Fig.  2 
shows  the  destruction  of  the  QHE  states  at  v  =  9, 
7,  and  5  upon  tilting  the  magnetic  field  by  60°. 
We  therefore  attribute  these  states  to  the  finite 
tunneling  gap  in  this  sample.  The  v  —  1,  by  con¬ 
trast,  remains  strong,  even  in  the  presence  of  a 
7.6  T  in-plane  magnetic  field.  Activation  energies 
measured  at  v  =  1  as  a  function  of  #[(  are  shown 
in  Fig.  3.  The  dashed  line  (normalized  to  the  data 
at  =  0)  is  the  calculated  ^-dependence  of  a 
tunneling  gap  at  v  =  1  [13].  Although  the  sharp 
enhancement  of  the  activation  energy  very  near 
#11  =  0  is  not  understood,  the  relative  indepen¬ 
dence  of  the  activation  energy  over  the  range 
1  <  #n  <  8  T  is  strong  evidence  that  the  v  =  1 
state  of  Figs.  1  and  2  does  not  arise  from  single¬ 
particle  tunneling. 

We  now  re-examine  the  lower  trace  of  Fig.  2. 
The  absence  of  the  v  =  3  QHE  state  is  reminis¬ 
cent  of  previous  studies  of  the  destruction  of 
low-order  integral  QHE  states  in  double-layer 
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Fig.  4.  Schematic  phase  diagram  of  the  quantized  states  at 
v  =  odd  in  a  double  quantum  well,  adapted  from  Refs.  [9,15], 
including  data  from  Ref.  [12]  (circles)  and  new  data  from  Fig. 
2  (diamonds).  Since  the  axes  are  each  scaled  by  the  magnetic 
length,  /B,  the  dashed  arrows  represent  increasing  magnetic 
field  for  a  given  sample  (fixed  d ,  ^4SAS,  anc*  #totX  Filled/open 
symbols  denote  observed/missing  quantum  Hall  states  la¬ 
belled  by  filling  factor  v.  The  solid  lines  are  schematic  phase 
boundaries  representing  the  Coulomb-driven  destruction  of 
the  single-particle  tunneling  QHE  and  the  re-emergence  of  a 
many-body  QHE  in  the  regime  of  d/lB  *  1  and  ^SAS  -» 0. 

systems  [12,14].  These  studies  find  a  phase  transi¬ 
tion  in  which  inter-layer  Coulomb  interactions 
destroy  the  single-particle  tunneling  gap.  A  well- 
defined  boundary  [15,16]  exists  between  the  larger 
odd-integral  filling  factors  for  which  the  single¬ 
particle  tunneling  gap,  and,  hence,  the  QHE, 
survives,  and  the  smaller  odd  integers  for  which  it 
is  collapsed  and  the  QHE  is  quenched.  Within 
this  picture  then,  inter-layer  interactions  have 
destroyed  the  tunneling  gap  in  our  sample  for  all 
v  <  3.  Thus,  the  reappearance  of  a  QHE  at  v  =  1 
suggests  these  same  inter-layer  interactions  are 
now  strong  enough  to  create  a  new,  many-body 
gap  to  replace  the  tunneling  gap.  We  therefore 
propose  in  Fig.  4  a  refinement  [9]  of  a  previously 
proposed  phase  diagram  for  the  QHE  at  v  =  odd 
[15].  The  two  axes  (interwell  distance,  d ,  and 
single-particle  tunneling  gap,  j4sas)  are  each 
scaled  by  the  magnetic  length,  /B.  The  dashed 
arrows  represent  increasing  magnetic  field  for  a 


given  sample  (fixed  d ,  Asas,  and  Ntot).  Filled/ 
open  circles  denote  observed/missing  quantum 
Hall  states  from  Ref.  [12],  labelled  by  filling  fac¬ 
tor  v.  Filled/open  diamonds  denote  observed/ 
missing  quantum  Hall  states  from  the  0  =  0°  data 
of  Fig.  2.  The  solid  lines  are  schematic  phase 
boundaries  representing  the  Coulomb-driven  de¬ 
struction  of  the  single-particle  tunneling  QHE 
and  re-emergence  of  a  many-body  QHE  in  the 
regime  of  d/lB~  1  and  Asas  ->  0.  In  the  regime 
of  large  zlSAS,  the  observed  v  =  odd  QHE  arises 
from  the  single-particle  tunneling  gap.  The  new 
phase  in  Fig.  4,  labelled  “MANY  BODY  QHE”, 
includes  the  v  =  1  state  observed  in  Figs.  1  and  2. 


3.  Conclusions 

Two  new  quantized  states  have  been  observed 
in  a  double-layer  2D  electron  system  at  filling 
fractions  ^  =  1/2  and  v  —  1.  Studies  of  samples 
with  different  densities  and  layer  separations  and 
experiments  with  in-plane  magnetic  fields  estab¬ 
lish  a  strong  argument  that  these  two  states  arise 
from  an  interplay  between  intra-  and  inter-layer 
Coulomb  interactions. 
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Abstract 

We  report  measurements  of  the  quasi-particle  excitation  gaps  for  different  fractional  quantum  Hall  (FQH)  states 
of  a  low-disorder,  symmetric  electron  system  in  a  770  A  wide  GaAs  quantum  well  as  a  function  of  density,  Ns.  At 
filling  factor  v  -  1/2,  the  electron  system  undergoes  phase  transitions  from  a  compressible  (metallic)  state  to  an 
incompressible  (FQH)  state  and  then  to  an  insulating  phase  as  Ns  is  increased.  The  v  =  1/2  FQH  state,  observed  in 
the  range  1.0  X  1011  <NS  <  1.4  X  10u  cm-2,  is  remarkably  strong  and  its  excitation  gap  reaches  =0.9  K  at 
Ns  =  1.16  X  1011  cm  2.  Our  data  suggest  that  this  1/2  FQH  state  has  a  two-component  origin.  We  also  observe  a 
dramatic  transition  from  a  one-component  to  a  two-component  FQH  state  at  v  =  2/3  as  Ns  is  increased. 


Recently,  observations  of  new  FQH  states  at 
the  even-denominator  Landau  level  filling  factor 
v  =  1/2  have  been  reported  for  quasi-two-dimen- 
sional  electron  systems  (2DESs)  in  either  a  wide 
single  quantum  well  (WSQW)  [1,2]  or  a  double 
quantum  well  (DQW)  [3].  Theoretically,  in  two- 
component  systems,  such  as  a  spin-unpolarized 
2DES  or  a  double-layer  electron  system,  the  extra 
(spin  or  layer-index)  degree  of  freedom  can  lead 
to  even-denominator  FQH  states  [4-8].  The  1  /2 
FQH  state  for  DQWs  in  experiments  of  Eisen- 
stein  et  al.  is  clearly  a  two-component  state  and 
fits  the  theoretical  predictions  very  well.  The 
origin  of  the  1  /2  FQH  state  in  a  WSQW  is  more 
subtle,  however,  since  such  a  system  possesses  the 
duality  of  a  double-layer  and  a  thick ,  single-layer 
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system.  In  fact,  both  one-component  [9]  and  two- 
component  [10]  theoretical  models  have  been  re¬ 
cently  proposed  to  explain  the  1/2  FQH  state 
observed  in  WSQWs.  Our  previous  studies  [1,2] 
show  that  a  2DES  in  a  symmetric  WSQW  does 
undergo  a  transition  from  a  one-layer  to  a  two- 
layer  system  as  the  density  (Ns)  increases,  and 
that  the  1/2  state  is  observed  in  a  range  of 
intermediate  Ns.  However,  because  of  the  rela¬ 
tive  weakness  of  the  observed  1  /2  state,  we  could 
not  reveal  its  origin  unambiguously. 

In  this  paper,  we  present  data  for  a  new,  very 
high-quality,  770  A  wide,  GaAs  WSQW  sample 
which  shows  remarkably  strong  FQH  states  at 
v  =  1/2  as  well  as  other  fractional  v.  In  particu¬ 
lar,  we  report  the  quasi-particle  excitation  gaps  of 
different  FQH  states  for  varying  Ns,  ranging  from 
~4x  1010  to  ~  2  X  10u  cm-2.  Our  detailed 
study  of  these  states  reveals  their  origin.  In  the 
discussion,  we  will  focus  on:  (i)  the  origin  of  the 
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Fig.  1.  Magnetotransport  data  for  a  770  A  wide  GaAs  well 
with  Ns  =  1.03  X1011  cm“2. 


1/2  FQH  state  and  phase  transitions  at  v  =  1/2; 
and  (ii)  the  transition  from  a  one-component  to  a 
two-component  state  for  different  FQH  states  as 
Ns  increases.  (The  reason  we  use  “one-/two- 
component  state”  instead  of  “one-/two-layer 
state”  will  become  clear  later.) 


The  sample  was  grown  by  molecular  beam 
epitaxy  and  consists  of  a  wide  GaAs  well  bounded 
on  each  side  by  an  undoped  Al0  35Ga0  65As  spacer 
layer  and  Si  S-doped  layers.  The  density  in  the 
well  is  adjusted  by  front-side  and  back-side  gates 
and  the  well  is  kept  symmetric  (balanced)  for  all 
Ns.  Details  of  our  sample  preparation  and  experi¬ 
mental  set-up  can  be  found  in  our  previous  work 
[1,2,11].  The  energy  difference  between  the  sym¬ 
metric  and  antisymmetric  subbands  (4lSAS)  is  ob¬ 
tained  from  analysis  of  the  low-field  Shubnikov- 
de  Haas  data  and  agrees  very  well  with  the  Asas 
determined  from  self-consistent  Hartree-Fock 
calculations  using  the  local-density-functional  ap¬ 
proximation  for  the  exchange  term  [1,2,11]. 

In  Fig.  1  we  show  the  diagonal  resistance  ( Rxx ) 
and  Hall  resistivity  ( pxy )  as  a  function  of  mag¬ 
netic  field  ( B ),  applied  perpendicular  to  the  sam¬ 
ple  plane,  for  a  well-balanced  system  with  Ns  = 
1.03  X  1011  cm-2  (measured  Asas  =  11.6  K).  Ex¬ 
cluding  the  1/2  FQH  state,  the  structure  of  all 
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Fig.  2.  The  evolution  of  the  FQH  states  in  a  symmetric  770  A  wide  well  as  Ns  is  varied.  All  the  data  were  taken  at  T  ~  35  mK. 
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other  IQH  and  FQH  states  is  strikingly  similar  to 
that  of  a  high-quality,  standard  2DES  in  a  single 
heterostructure. 

We  present  the  Rxx  data  at  ~  35  mK  for  v  <  1 
for  different  Ns  along  with  the  measured  Asas  in 
Fig.  2.  Compared  to  our  previous  data  [2],  the 
much  higher  quality  of  the  present  sample  is 
evidenced  by  the  presence  of  stronger  and  also 
new  (higher  order)  FQH  states  even  though  the 
electron  mobility  (aO  is  similar  (/x  ~  1  X  106 
cm2/V  •  s  for  Ns  ~  1  X  1011  cm-2).  In  particular, 
the  1  /2  state  develops  remarkably  stronger  than 
any  previously  reported  data  [1-3],  allowing  us  to 
measure  its  quasi-particle  excitation  gap  (A1/2)  in 
a  very  large  range  of  Ns.  The  1/2  FQH  state  is 
strongest  at  Ns  =  1.16  X  10 11  cm-2  and  has  a  gap 
of  ~  0.9  K.  Also  noteworthy  in  the  data  of  Fig.  2 
is  the  appearance  of  an  insulating  phase  (IP), 
manifested  by  a  diverging  Rxx  as  T  ->  0,  at  high 
B.  (We  also  observed  a  similar  IP  in  Ref.  [2].)  The 
origin  of  this  IP  is  not  clear,  but  we  believe  it  is 
not  a  result  of  single-particle  localization  since  it 
moves  to  higher  v  as  Ns  (and  (i)  increase,  and 
also  it  is  reentrant  around  well-developed  FQH 
states  (e.g.,  around  the  1  /3  FQH  state  at  Ns  = 
1.1  X  1011  cm-2  and  around  the  1/2  state  at 
jVs  =  1.3  X  1011  cm-2).  In  this  paper  we  will  not 
discuss  this  IP  further,  except  to  note  that  the 
weakening  of  the  1/2  FQH  state  at  high  Ns  is 
partially  caused  by  this  IP. 

To  begin  the  discussion,  we  introduce  several 
important  parameters.  The  relevant  length  scales 
are  the  well  width  (w)  and  the  magnetic  length 
lB  =  (h/eB)l/2.  The  relevant  energies  at  T=  0 
are:  (1)  Asas\  (2)  Ce2/elB,  the  in-plane  Coulomb 
correlation  energy,  where  C  is  a  constant  ~  0.1; 
and  (3)  e2/ed,  the  Coulomb  energy  along  the 
normal  of  the  2DES  plane,  where  d  ~  w  is  a 
measure  of  the  effective  interlayer  separation. 
For  a  2DES  in  a  WSQW,  the  transitions  between 
one-  and  two-component  states  are  determined 
by  the  competition  between  these  three  energies 
[12].  Here,  we  neglect  the  spin  degree  of  free¬ 
dom,  assuming  that  it  is  frozen  out  at  large  B 
where  the  correlated  states  are  observed. 

When  Ce2/elB  <  Asas,  i.e.  when  the  subband 
separation  is  large  compared  to  the  in-plane  (in¬ 
tralayer)  correlation  energy,  the  upper  (antisym¬ 


metric)  state  is  unlikely  to  mix  into  the  many-body 
ground  state.  For  v  <  1,  the  2DES  occupies  the 
lowest  Landau  level  of  the  symmetric  subband 
and  exhibits  one-component  FQH  states,  such  as 
1/3,  2/3,  3/5,  etc.,  similar  to  a  normal  2DES  in 
a  single  heterojunction  but  with  reduced  strength 
due  to  the  thickness  of  the  electron  layer  [13].  On 
the  other  hand,  if  the  in-plane  correlation  energy 
is  sufficiently  strong  (Ce2/elB>  Asas),  the  anti¬ 
symmetric  state  can  mix  into  the  correlated 
ground  state  to  lower  its  energy.  This  mixing  can 
result  in  a  reduction  and  eventual  collapse  of 
Asas  [1^].  Such  a  system  then  behaves  as  a  two- 
component  system,  the  “components”  being  the 
(degenerate)  symmetric  and  antisymmetric  states 
[15].  Now  in  a  WSQW,  as  in  a  double-layer  elec¬ 
tron  system  in  a  DQW,  two  types  of  two-compo¬ 
nent  FQH  states  may  be  possible,  depending  on 
the  strength  of  the  “interlayer”  Coulomb  interac¬ 
tion  (  ~  e2/ed,  but  note  that  d  is  hard  to  define 
for  a  WSQW  in  a  B  field).  When  e2/ed  is 
sufficiently  small,  the  system  behaves  as  two  inde¬ 
pendent  layers  in  parallel,  each  with  a  density 
equal  to  NJ 2.  An  example  of  a  two-component 
FQH  state  in  such  a  system  is  the  l^330  state 
which  has  i/  =  2/3  (1/3  filling  for  each  layer) 
[7,8].  Note  that  such  FQH  states  always  have  a  v 
with  even  numerator  and,  since  each  layer  is  a 
single-component  2DES,  odd  denominator.  On 
the  other  hand,  if  e2/ed  is  large  enough,  a  sec¬ 
ond  type  of  FQH  state,  one  with  strong  interlayer 
correlation,  is  possible.  Such  a  FQH  state  is 
unique  to  two-component  systems  and  can  be  at 
even-denominator  v\  an  example  is  the  ^331  FQH 
state  with  v  =  1  /2. 

In  Fig.  3,  we  plot  the  measured  quasi-particle 
excitation  gaps  (Av)  for  FQH  states  of  different  v 
versus  the  relevant  energy  ratio  a  =  ziSAS/ 
( e2/elB ).  Based  on  the  arguments  of  the  preced¬ 
ing  paragraphs  we  expect  that,  for  a  given  v9  the 
one-  or  two-component  FQH  states  become 
stronger  at  larger  or  smaller  a,  respectively.  (Note 
also  that  for  fixed  v ,  a  increases  with  decreasing 
Ns  as  both  Asas  and  /B  are  larger  for  smaller  Ns.) 
This  is  clearly  evidenced  in  Fig.  3:  the  one-com¬ 
ponent  states  such  as  1  /3  and  3 /5  get  weaker  at 
lower  a  and  eventually  collapse  at  sufficiently 
small  a.  The  4/5  state,  on  the  other  hand,  shows 
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Fig.  3.  The  quasi-particle  excitation  gaps  (Ap)  vs.  the  ratio  of 
the  symmetric  to  antisymmetric  energy  gap  to  the  in-plane 
correlation  energy,  a  =  ASAS/(e2/elB\  for  different  filling 
factors  ( v ).  Toward  larger  a,  one-component  states  are  more 
stable;  toward  smaller  a ,  two-component  states  are  more 
stable  and  one-component  states  collapse. 


the  opposite  behavior;  this  state  can  be  associ¬ 
ated  with  a  two-component  state  (2/5  filling  for 
each  layer).  The  p  =  2/3  state  exhibits  a  pro¬ 
nounced  minimum  in  A2/3  as  a  function  of  a.  We 
attribute  this  behavior  to  a  phase  transition  from 
a  one-component  FQH  state  at  large  a  to  a 
two-component  (IP330)  state  at  low  a  [16].  We  can 
identify  the  one-  and  two-component  states  by 
examining  the  transport  behavior  while  unbalanc¬ 
ing  the  well  with  Ns  fixed.  The  details  of  this 
experiment  will  be  reported  elsewhere. 

The  dependence  of  Al/2  on  a  is  more  subtle. 
As  a  decreases  below  about  ~  0.09,  A1/2  in¬ 
creases  suggesting  that  the  1  /2  FQH  state  in  this 
system  has  a  two-component  origin.  A1/2  then 
decreases  for  a  <  0.065  and  vanishes  when  a  < 
0.045.  We  believe  that  this  weakening  of  the  1/2 
FQH  state  at  low  a  is  a  result  of  the  dramatic 
rise  in  Rxx  and  the  insulating  phase  that  sets  in 
at  low  v  and  large  Ns  in  WSQWs  (see  Fig.  2  and 
also  data  of  Ref.  [2]).  We  emphasize,  however, 
that  even  in  the  absence  of  the  insulating  phase,  a 
two-component  1/2  FQH  state  is  likely  to  be 
stable  only  in  a  finite  range  of  a  [10].  We  con¬ 
clude,  therefore,  that  both  the  behavior  of  Al/2 
with  a  and  also  the  value  of  a  ( ~  0.09)  below 
which  the  1/2  FQH  state  starts  to  emerge  are 


suggestive  that  this  state  has  a  two-component 
origin. 
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Abstract 

We  have  measured  the  temperature  dependence  of  the  transport  coefficient  pxx  at  the  lowest  Landau  level 
fractional  quantum  Hall  effect  filling  factors  v  =  p/(2p  ±  1),  up  to  p  =  5,  in  a  high-quality  two-dimensional  electron 
system.  Our  data  establish  that  the  gap  energies  separating  the  excitations  from  their  quantum  liquid  ground  states 
are  linear  with  A  B,  the  magnetic  field  deviation  from  exact  half-filling.  We  interpret  this  linearity  as  evidence  for 
Landau  level  quantization  of  composite  particles  and  deduce  the  effective  mass  and  the  scattering  times  of  the 
particles. 


1.  Introduction  tinued  ad  infinitum  and  covers  all  odd-denomina- 

tor  rational  filling  factors.  Wavefunctions  of  such 
While  the  origin  of  the  fractional  quantum  states  are  expressed  in  terms  of  quasiparticle 

Hall  effect  (FQHE)  [1]  at  primary  filling  factor  coordinates  and  so  far  could  not  be  formulated  in 

v  =  1/m  (m  odd)  is  well  understood  in  terms  of  terms  of  electron  coordinates.  Translating  energy 

Laughlin’s  wavefunction  and  its  fractionally  calculations  for  Laughlin’s  wavefunction  to  the 

charged  quasiparticle  excitations  [2,3],  theoretical  pseudo-wavefunctions  of  quasiparticles,  Halperin 

models  for  the  higher-order  FQHE  state  at  v  =  derived  approximate  gap  energies  which  scale  as 

p/q  remain  controversial.  The  nature  of  the  \l/q\5/2,  where  q  is  the  denominator  of  the 

higher-order  states  gains  additional  interest  since  rational  filling  factor  [5].  A  conceptual  difficulty 

it  affects  also  our  general  view  of  the  FQHE.  in  the  hierarchical  scheme  was  stressed  later  by 

The  quasi-particle  condensation  hierarchy  con-  Jain  [6].  It  questions  the  validity  of  the  quasiparti- 

structed  by  Haldane  [4],  Halperin  [5],  and  Laugh-  cle  picture  when  the  density  of  the  quasiparticles 

lin  [3]  invokes  formations  of  Laughlin  states  of  required  by  condensation  becomes  exceedingly 

fractionally  charged  quasiparticles  from  lower-  large. 

order  quantum  liquids.  This  process  can  be  con-  Despite  their  importance,  the  gap  energies  of 

the  FQHE  states  at  v  = p/(2p  ±  1)  have  not  been 
widely  pursued,  both  in  theory  and  in  experiment. 
Few-electron  numerical  calculations  of  gap  en- 
*  Corresponding  author.  ergy  at  v  =  1/3  have  converged  to  0.10  e2/el0  for 
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the  ideal  case,  where  l0  =  (h/eB)1/2  is  the  mag¬ 
netic  length,  and  e  is  the  dielectric  constant. 
Numerical  results  for  other  filling  fractions  have 
so  far  been  limited  to  2/5,  3/7  and  2/7  [7]. 
Much  uncertainty  remains  for  the  states  v  = 
p/(2p  ±  1)  as  p  become  large.  The  experimental 
gap  energy  at  v  =  1  /3,  as  determined  in  very  high 
mobility  GaAs/ AlGaAs  heterostructure,  has  only 
recently  approached  the  theoretical  value,  after 
proper  corrections  for  their  non-ideality  had  been 
made  [8].  Preliminary  experimental  results  [9]  in¬ 
dicated  that  gap  energies  of  higher-order  states  in 
fact  deviated  considerably  from  the  scaling  of 

1 1/<?  i5/2- 

Currently  promoted  theories  provide  a  new 
perspective  on  our  general  view  of  the  FQHE. 
Jain  has  constructed  a  trial  wavefunction  for  the 
spin-polarized  states,  in  which  the  FQHE  is  the 
integer  quantum  Hall  effect  of  composite 
fermions.  A  composite  fermion  is  an  electron 
bound  to  an  even  number  of  flux  quanta  [6].  By 
introducing  a  Chern-Simons  gauge  field  interact¬ 
ing  with  electrons,  Halperin,  Lee  and  Read  (HLR) 
have  developed  a  Fermi  liquid  theory  for  the 
half-filled  Landau  level  [10].  Kalmeyer  and  Zhang 
similarly  propose  that  the  v  =  1/2  is  a  metallic 
phase  [11]. 

It  is  most  remarkable  that  even  in  the  presence 
of  potential  fluctuations,  a  well-defined  Fermi 
surface  of  wave  vector  kF=  l/lQ  exists  at  v  =  1/2, 
where  the  effective  magnetic  field  A  B  seen  by 
the  fermions  is  zero.  The  external  magnetic  field 
B  corresponding  to  v  =  p/(2p  ±  1)  satisfies 

A£  =  (B  -Bx/2)  =  ±[h/e]n/p, 

where  Bl/2  =  2nh/e  is  the  magnetic  field  corre¬ 
sponding  to  v  =  1/2  at  electron  density  n.  HLR 
predict  that  apart  from  a  logarithmic  correction, 
the  gap  energies  are  proportional  to  1/p  in  the 
limit  of  large  p,  in  contrast  with  \l/q\5/2 
=  1 1/(2/?  ±  1)  |5/2.  There  remains  some  uncer¬ 
tainty,  however,  for  the  case  where  p  is  small, 
i.e.,  the  filling  factor  deviates  considerably  from 
half. 

In  this  paper  we  report  on  a  careful  experi¬ 
mental  determination  of  the  higher-order  FQHE 
gaps  at  fraction  v  =p/(2p  ±  1),  up  to  p  =  5,  in  a 
high-quality  two-dimensional  electron  system 


(2DES).  Our  data  establish  that  the  gap  energies 
are  linear  with  A  B,  the  magnetic  field  deviation 
from  v  =  1/2. 


2.  Experimental 

We  have  measured  temperature  (T)  depend¬ 
ence  of  the  transport  coefficient  pxx  on  a  series 
of  modulation  doped  GaAs/ AlGaAs  hetero¬ 
structure  samples.  Our  data  focused  on  two  sam¬ 
ples  each  having  density  «  =  1.12xlOn  cm-2, 
low  T  mobility  /x  =  6.8  X  10 6  cm2/V  •  s  (sample 
A)  and  n  =  2.30  X  1011  cm-2,  jjl  =  12  X  106 
cm2/V  *  s  (sample  B).  In  both  samples  the  dis¬ 
tance  between  the  electron  layer  and  the  Si  dop¬ 
ing  layer  is  ds  =  800  A.  Both  samples  are  5  mm  X 
5  mm  square  with  eight  In  contacts.  The  low  T 
data  were  taken  in  a  modified  Oxford  3  He/4 He 
dilution  refrigerator,  capable  of  achieving  ~  25 
mK  base  temperature  in  a  30  T  field  of  a  hybrid 
magnet.  For  T  ranging  from  0.5-4.2  K  we  used  a 
3He  and  a  4He  cryostat. 

An  overview  of  the  FQHE  (sample  B)  around 
v  =  1/2  is  displayed  in  Fig.  1,  where  v  =  1/3  is  at 
B  =  28.5  T.  For  both  samples,  we  observed  pxx 
minima  up  to  fractions  9/19  and  9/17.  The  lower 
density  sample  (sample  A,  Fig.  2)  also  shows 
FQHE  states  descending  from  v  =  1/4,  in  a  se- 


Fig.  1.  Fractional  quantum  Hall  effect  states  around  v  =  \/2 
in  sample  B. 
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ries  of  p/iAp  ~  1).  We  omit  here  the  activation 
energy  results  for  v  <1  /^  since  the  proximity  of 
the  insulating  phase  [12]  leads  to  an  increase 
resistivity  at  low  T. 

We  derive  the  gap  energy,  A,  from  the  temper¬ 
ature  dependence  of  pxx  a  exp(~A/2kT)  via  an 
Arrhenius  plot.  The  diagonal  resistivity  is  propor¬ 
tional  to  the  conductivity  since  axx  =  pxx/  {p2xx  + 
ply )  and  pxx^pxy,  throughout  our  experiments. 

A  recent  study  of  the  FQHE  activation  ener¬ 
gies  in  high  mobility  samples  proposes  that  a 
prefactor  1/T  should  be  invoked  when  kT  ex¬ 
ceeds  the  half-width  y  of  the  extended  states  [13]. 
In  our  case  kT  ~y  and  both  fitting  formulas 
result  in  values  which  agree  with  one  another 
within  15%.  We  deduce  A  from  fittings  which 
neglect  the  prefactor. 

Temperature  dependences  of  the  resistance 
minima  at  filling  fractions  1/3,  2/5,  3/7,  4/9 
and  5/11  for  sample  A  are  plotted  in  Fig.  3. 
Except  for  the  last  fraction,  regions  of  activated 
resistivity  extend  over  more  than  one  decade  in 
Pxx .  We  also  include  data  for  the  fraction  v  = 
5/11  (and  6/11)  to  exemplify  the  limits  of  this 
procedure.  The  observation  of  well-defined 
plateaus  in  pxy ,  while  missing  for  yet  higher-de¬ 
nominator  fractions,  increases  our  confidence  in 
assigning  a  gap  energy  to  these  fractions. 


Fig.  2.  Resistivity  pxx  of  sample  A  at  various  temperatures. 


Fig.  3.  Temperature  dependence  of  resistivity  pxx  for  various 
fractions  in  sample  A. 


3.  Results  and  discussion 

We  observe  a  striking  linearity  between  experi¬ 
mental  gap  energies  and  the  magnetic  field  for 
the  sequence  of  higher-order  states  around  filling 
factor  v  =  1/2. 

Fig.  4  shows  data  for  sample  A  (closed  circles) 
as  well  as  sample  B  (open  circles)  in  a  single 
graph.  The  magnetic  axes  have  been  scaled,  so 
that  equivalent  filling  factors  coincide.  The  lin¬ 
earity  is  emphasized  by  four  straight  line  sections 
emanating  from  v  =  1  /2.  All  lines  intercept  v  = 
1  /2  at  negative  energies.  These  offsets  are  nearly 
identical  for  the  upper  and  the  lower  sequence  of 
fractions  in  each  sample.  We  make  the  following 
observations. 

(a)  We  can  characterize  our  findings  phe¬ 
nomenologically  in  very  simple  terms  once  we 
establish  B1/2  at  v  =  1/2  as  a  new  origin  for  B 
and  adopt  its  deviation  from  this  value,  A  B,  as 
the  effective  magnetic  field .  Since  the  gap  energies 
are  linear  in  A  B  they  can  be  characterized  by  an 
effective  mass  m*  via  h(oc  =  fte(A£)/m*  in 
analogy  to  the  Landau  level  spectrum  and  the 
field  dependent  occupation  of  electrons  in  the 
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Filling  Factor  v 

1  1/2  1/3  1/4 


Magnetic  Field  B  (  T  ) 

Fig.  4.  Gap  energies  for  FQHE  states  in  the  vicinity  of 
v  —  1/2  and  v  =  1/4  in  sample  A  (closed  circles)  and  B  (open 
circles)  plotted  vs.  magnetic  field.  Straight  lines  are  a  guide  to 
the  eye.  The  number  associated  with  each  line  represents  the 
effective  mass  in  units  of  rae. 

presence  of  a  magnetic  field.  The  value  of  ho)c  is 
reduced  by  a  broadening  factor  r  of  the  levels, 
assumed  to  be  field  independent. 

(b)  The  effective  masses  are  about  one  order 
of  magnitude  bigger  than  the  band  electron  mass 
mb  =  0.07  me  of  GaAs.  The  values  for  ra*  (in 
units  of  free  electron  mass  me)  are  indicated  in 
Fig.  4.  The  mass  deviates  from  the  band  mass  of 
the  electron  since  it  is  purely  a  measure  for  the 
strength  of  the  many-particle  interaction.  In  an 
ideal  2DES,  we  expect  them  to  scale  as  /q  1  and 
hence  as  B1/2.  This  scaling  is  closely  observed  in 
our  samples  where  density  and  hence  magnetic 


Table  1 

Scattering  times  r  (in  10~12  s)  for  sample  A  and  B 


Sample  A 

Sample  B 

Te 

270 

480 

9 

4.5 

t{ 

12 

14 

Tf* 

6 

5 

Tr 

5.1 

3.3 

Tf  (1/4) 

2.3 

- 

Tf  (1/4) 

6 

- 

Tf  (1/4) 

3.8 

- 

Except  where  indicated  by  (1/4)  the  subscript  f  refers  to 
v  =  1/2. 


field  scales  differ  by  a  factor  of  2  and  mass  ratios 
are  very  close  to  yfl . 

(c)  The  scattering  behavior  of  the  composite 
particles  is  strongly  modified  from  regular  elec¬ 
trons  around  zero  field.  We  list  in  Table  1  three 
relevant  scattering  times.  The  transport  scattering 
time  rl  =  m*/ne2p  is  derived  from  the  resistivity 
p  and  the  mass  m*  of  the  carrier.  The  relaxation 
time  rr  =  h/r  is  derived  from  the  level  broaden¬ 
ing  r.  We  also  define  a  cyclotron  scattering  time 
rc  =  l/(oc  from  the  onset  of  oscillations  in  pxx. 

It  is  interesting  to  contrast  the  scattering  be¬ 
havior  of  the  composite  particles  with  electrons. 
The  ratio  t\/tI  ~  30  and  100  for  sample  A  and 
B,  respectively,  exemplifies  the  well  documented 
[14]  weak  scattering  behavior  of  electrons  in  mod¬ 
ulation-doped  GaAs.  The  equivalent  ratio  t\/t\ 
=  2  and  2.8  for  the  carries  in  the  same  samples 
clearly  classifies  the  scattering  in  these  particles 
as  very  strong.  At  the  same  time  rc  varies  by  less 
than  a  factor  of  1.5  between  electrons  and  the 
composite  particles  for  each  sample.  The  data 
indicate  that  the  rate  at  which  carriers  are  being 
scattered  is  nearly  identical  but  the  scattering 
strength  differs  widely  between  electrons  and  the 
composite  particles. 

In  conclusion,  we  have  established  that  the  gap 
energies  of  the  FQHE  at  v  =p/(2p  ±  1)  are  lin¬ 
ear  with  A  B7  the  magnetic  field  deviated  from 
half-filling.  We  regard  this  linearity  as  evidence 
for  Landau  level  quantization  of  the  composite 
particles.  We  have  also  been  able  to  deduce  two 
important  parameters  of  the  particle.  The  effec¬ 
tive  masses  of  the  new  particles  are  found  to  be 
almost  one  order  of  magnitude  bigger  than  the 
band  electron  mass  and  their  scattering  behavior 
is  strongly  modified. 

The  experiments  were  performed  at  FBNML 
in  Cambridge,  MA,  USA.  R.R.D.  and  D.C.T.  are 
supported  in  part  by  the  AFOSR  (AFOSE- 
910353)  and  a  grant  from  the  NEC  corporation. 
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Abstract 

Cyclotron  resonance  (CR)  of  2D  electron  gases  in  GaAs  has  been  systematically  studied  in  the  extreme  quantum 
limit.  Below  a  critical  filling  factor  of  about  1/9  a  splitting  is  observed  in  the  resonance  line.  For  very  low  filling 
factors  ( ~  1  /20)  the  splitting  becomes  nearly  identical  to  the  bulk  GaAs  CR  spin-splitting.  At  intermediate  filling 
factors  the  behaviour  of  the  splitting  strongly  differs  from  the  expected  single  particle  spin-splitting.  Above  the 
critical  filling  factor  a  single  hybridized  resonance  is  observed.  The  characteristics  of  the  transition  regime  are 
investigated  by  a  careful  analysis  of  CR  masses,  carrier  densities  and  scattering  rates.  Electron-electron  interaction 
as  well  as  localization  effects  are  discussed  in  the  interpretation  of  the  observations. 


1.  Introduction 

Cyclotron  resonance  (CR)  has  been  success¬ 
fully  applied  to  the  investigation  of  nonparabolic- 
ity  [1],  screening  effects  [2],  scattering  mecha¬ 
nisms  [3]  and  resonant  subband  Landau  level 
coupling  [4]  in  recent  years.  An  unanswered  ques¬ 
tion  is  the  different  signature  of  the  Zeeman 
splitting  in  the  CR  of  bulk  and  2D  electron 
systems.  The  energy  dependence  of  the  g-factor 
induced  by  nonparabolicity  causes  a  splitting  of 
the  CR.  For  the  three-dimensional  systems  this 
spin-splitting  is  observed  [5,6]  in  accordance  with 
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theory  [7,8].  It  is  expected  as  well  for  the  2D  case, 
but  has  not  been  found  so  far  [9,10].  This  hy¬ 
bridization  of  the  CR  transitions  from  different 
spin  levels,  as  observed  in  most  investigations, 
could  not  be  explained  consistently  until  present. 
Theoretical  approaches  to  the  hybridization  in¬ 
volve  strong  electron-electron  interactions.  Only 
recently,  the  first  observations  of  nonpara- 
bolicity-split  CR  transitions  originating  from  dif¬ 
ferent  Landau  and  spin  levels  have  been  reported 
for  strongly  nonparabolic  InAs/AlSb  quantum 
wells  [11,12]  in  a  restricted  mobility  regime. 

A  sudden  appearance  of  a  splitting  in  the  CR 
of  GaAs  2DEGs  in  the  extreme  quantum  limit 
has  been  reported  independently  by  two  groups 
[13,14].  These  works  discuss  the  possible  link  of 
the  observed  phase  transition  to  the  formation  of 
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a  short  range  ordered  electron  solid.  In  addition, 
the  similarity  of  the  splitting  to  the  bulk  GaAs 
spin-splitting  has  been  mentioned  [14]. 

In  this  work  we  have  investigated  the  possible 
parameters  leading  to  the  suppression  of  the 
splitting  at  higher  filling  factors.  On  the  basis  of 
most  recent  data  and  careful  analysis  of  CR 
masses,  carrier  densities  and  scattering  rates  a 
detailed  description  of  the  properties  of  the  tran¬ 
sition  from  the  presumably  spin-split  CR  to  the 
hybridized  CR  is  given.  Possible  mechanisms  in¬ 
volved  in  the  interpretation  of  the  splitting  are 
discussed. 


2.  Experimental  technique 

The  cyclotron  resonance  measurements  are 
performed  in  a  standard  arrangement  of  a  com¬ 
mercial  rapid  scan  Fourier  transform  spectrome¬ 
ter  connected  via  a  lightpipe  to  a  4He  cryostat. 

Temperatures  down  to  0.4  K  were  accessible 
by  the  use  of  a  3He  insert.  The  maximum  investi¬ 
gated  temperatures  were  70  K.  A  superconduct¬ 
ing  magnet  provided  magnetic  fields  up  to  17  T. 
The  transmitted  far  infrared  radiation  is  detected 
with  a  silicon  bolometer.  The  resolution  of  the 
spectrometer  has  been  set  to  0.05  cm-1.  The 
carrier  densities  in  the  2DEGs  could  be  increased 
typically  by  a  factor  of  1.5  after  illumination  of 
the  sample  with  a  red  LED  by  the  persistent 
photo-effect.  The  spectra  are  divided  by  a  spec¬ 
trum  taken  at  5  =  0  T,  yielding  the  normalized 
transmission  T(B)/T( 0). 

The  investigated  samples  consist  of  a  one-side 
modulation  doped  60-80  A  wide  GaAs/  AlGaAs 
single  quantum  well  (SQW)  which  is  separated  by 
a  1400  A  wide  Al0  41Ga0  59As/GaAs  superlattice 
(sample  1  and  3),  or  a  500  A  Al037Ga063As 
barrier  (sample  2),  from  a2  /im  thick  buffer  layer 
on  top  of  the  semi-insulating  GaAs  substrate.  At 
the  interface  of  the  superlattice  or  the  barrier 
with  the  buffer  a  second  2DEG  forms  (Fig.  la). 
In  this  paper  we  will  be  concerned  with  this 
inversion  channel.  It  exhibits  low  carrier  densities 
of  (0.9-6.0)  X  10 10  cm-2  which  enables  the  ob¬ 
servation  of  very  low  filling  factors  v  (v  =  nsh/eB) 
down  to  1/30.  In  the  SQW  carrier  densities  of 


Depth  [A] 


Fig.  1.  (a)  Conduction  band  of  sample  1  (schematically).  The 
samples  incorporate  two  2DEGs:  A  one-side-modulation- 
doped  single-quantum  well  and  an  inversion  channel  at  the 
interface  between  superlattice  and  buffer,  (b)  Typical  spec¬ 
trum  for  the  illuminated  sample  li.  The  smooth  curve  repre¬ 
sents  the  fit  with  a  Drude  model  as  described  below.  The 
broad  resonance  corresponds  to  the  quantum  well;  the  sharp 
and  split  resonance  is  that  of  the  inversion  channel.  In  the 
following,  only  the  latter  resonance  is  discussed. 


(3.0— 7.1)  X  1011  cm-2  and  mobilities  of  50000  to 
265  000  cm2/ V  •  s  are  found  in  transport  mea¬ 
surements.  The  inversion  channel  could  not  al¬ 
ways  be  contacted.  The  carrier  densities  from 
magnetotransport  were  found  to  match  the  re¬ 
sults  of  the  Drude  evaluation  of  the  spectra  (see 
below).  The  parallel  conduction  in  the  SQW  how¬ 
ever  prohibited  the  determination  of  the  inver¬ 
sion  channels  mobility  by  magnetotransport. 

The  cyclotron  resonance  lines  of  the  two  chan¬ 
nels  are  clearly  separated,  as  shown  in  Fig.  lb. 
The  broad  resonance  of  the  SQW  is  shifted  to 
lower  energy  due  to  the  nonparabolicity  accord¬ 
ing  to  its  higher  subband  energy  as  compared  to 
the  inversion  channel.  The  resonance  of  the  in¬ 
version  channel  is  found  to  be  remarkably  nar¬ 
row,  FWHMs  down  to  0.15  cm-1  are  observed. 
The  small  linewidths  are  mainly  attributed  to  the 
free  carrier  redistribution  taking  place  at  filling 
factors  below  1  under  the  influence  of  repulsive 
scatterers  of  the  p-type  background  doping  [3,15]. 
The  SQW  is  found  to  stabilize  the  carrier  density 


CM.  Engelhardt  et  al.  /  Surface  Science  305  (1994)  23-32 


25 


in  the  inversion  channel  for  weeks.  As  v  =  2  is 
passed  in  the  SQW  a  change  in  the  intensity  of 
the  inversion  channels  CR  of  up  to  30%  is  mea¬ 
sured.  This  has  been  previously  attributed  to  a 
reduced  oscillator  strength  of  the  novel  electron 
phase  [13].  However,  according  to  the  most  re¬ 
cent  data  this  has  to  be  interpreted  as  a  reduction 
in  carrier  density.  Due  to  the  oscillating  chemical 
potential  in  the  SQW,  steps  in  the  carrier  density 
evaluated  for  the  inversion  channel  are  found  if 
an  even  filling  factor  is  passed  in  the  SQW.  No 
influence  of  the  SQWs  filling-factor-dependent 
screening  on  the  scattering  rate  of  the  inversion 
channel  is  found. 

We  have  used  a  Drude  model  to  fit  the  CR 
lines.  The  normalized  transmission  of  a  system 
with  different  types  of  carriers  is  calculated  from 

T(B,  (O  =  wc) 

r(o,  a)  =  ojc) 


I1  +«GaAs  +  OAoO^I 

with  the  index  of  refraction  nGaAs  and  the  dynam¬ 
ical  conductivities  of  the  different  carrier  systems 

i 

mc i  [«U-«cy  +  (iAy)]  ' 

The  fitting  parameters  are  the  CR  frequencies 
(ocj  (related  to  the  CR  mass  mcj  by  o)CJ-  =  eB/m  ), 
the  scattering  rates  1  /rj  and  the  carrier  densities 
nsj  corresponding  to  the  integrated  intensities  of 
the  different  resonances. 

Table  1  gives  the  typical  values  of  the  carrier 
densities  in  the  presented  inversion  channels.  As 


Table  1 

Carrier  density  and  lowest  intersubband  spacing  for  the  pre¬ 
sented  inversion  channels 


Sample 

No. 

n> 

CIO10  cm-2) 

*0-1 

(meV) 

1 

2.0 

6.2 

li 

3.5 

2.1 

2i 

2.0 

11.2 

3 

5.5 

2.7 

Index  i:  after  illumination  with  a  red  LED. 


already  mentioned,  variations  with  magnetic  field 
occur  due  to  the  changing  chemical  potential  in 
the  SQW.  Also  listed  are  the  lowest  intersubband 
spacings  as  determined  by  resonant  subband  Lan¬ 
dau  level  coupling  (RSLC)  at  full  field,  which  for 
the  low  densities  investigated  here  are  expected 
to  give  the  plain  intersubband  energies  [16].  The 
RSLCs  are  observed  due  to  the  small  residual  tilt 
of  the  samples  with  respect  to  the  magnetic  field 
direction.  They  result  in  an  increased  CR  scatter¬ 
ing  rate  when  the  CR  energy  ho)c  equals  the 
energy  difference  EQ_S  between  0th  and  5th  sub¬ 
band.  These  energies  have  to  be  kept  in  mind  in 
the  discussion  of  higher  temperature  data,  where 
thermal  population  of  higher  2D  subbands  occurs 
(2.5  meV  ~  /cB  X  30  K). 

3.  Experimental  results 

The  main  feature  of  the  observations  is  the 
appearance  of  an  additional  resonance  above  a 
critical  magnetic  field.  In  Fig.  2  the  abrupt  change 
in  the  CR  with  magnetic  field  is  illustrated  for 
the  illuminated  sample  li  at  1.2  and  3.0  K.  The 
high  energy  resonance  (in  the  following  labelled 
(  +  ))  increases  in  intensity  with  increasing  mag¬ 
netic  field  and  decreasing  temperature  at  the  cost 
of  the  low  energy  resonance  ( - ).  At  lowest  tem¬ 
peratures  all  oscillator  strength  is  transferred  to 
the  (  +  )  resonance.  The  most  drastic  change  is 
observed  at  about  13  T.  The  evaluation  of  the 
spectra  shows  that  this  is  mostly  due  to  the  change 
in  linewidth.  The  energy  separation  between  the 
two  lines  increases  with  temperature  and  satu¬ 
rates  for  temperatures  above  ~6K.  The  extrapo¬ 
lated  vanishing  point  of  the  (  +  )  intensity  is  for  all 
temperatures  11  T.  This  onset  of  the  splitting  is 
shifted  to  lower  magnetic  field  for  the  unillumi¬ 
nated  sample  1  which  has  less  carrier  density. 
Viewed  over  the  scale  of  filling  factor  the  appear¬ 
ance  of  the  splitting  looks  much  the  same  in  both 
cases. 

To  characterize  the  observed  transition,  a  criti¬ 
cal  filling  factor  vc  indicating  the  onset  of  the 
splitting  is  introduced.  In  the  following  vc  will  be 
calculated  from  the  extrapolated  magnetic  field 
Bc  at  which  the  ( + )  resonance  vanishes  and  from 
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the  carrier  density  which  is  found  from  the  inte¬ 
grated  intensity  of  the  resonance  at  this  field.  For 
sample  1  (ns  =  2.0  X  1010  cm-2  at  Bc  =  6. 5  T) 
and  sample  li  ( ns  =  3.5  X  1010  cm~2  at  Bc  =  11.0 
T)  before  and  after  illumination  a  critical  filling 
factor  of  vc  =  0.13  ~  1/8  is  found.  vc  appears  to 
be  sample  dependent.  Thus  for  sample  2i  a  criti¬ 
cal  filling  factor  vc  =  0.11  ~  1/9  is  evaluated  and 
sample  3  gives  vc  =  0.17  ~  1/6. 

At  higher  temperatures  the  increasing  size  of 
the  energy  splitting  approaches  the  value  found 


Fig.  2.  Two  series  of  CR  spectra  taken  at  magnetic  fields  from 
10.8  to  14.6  T  at  temperatures  of  1.2  and  3.0  K  illustrating  the 
sudden  onset  of  the  splitting.  The  CR  absorption  —  A T/T  = 
l-T(B)/T(Q)  is  plotted  above  a  relative  energy  scale.  For 
convenience  the  spectra  have  been  shifted  linearly  with  mag¬ 
netic  field  in  energy  to  come  to  lie  behind  each  other.  For  1.2 
K,  near  13  T  an  abrupt  exchange  of  oscillator  strength  from 
the  low  energy  (-)  to  the  high  energy  (  +  )  resonance  can  be 
observed.  At  3.0  K  the  change  over  is  not  total;  most  intensity 
remains  in  the  low  energy  resonance  and  the  energy  separa¬ 
tion  of  the  two  lines  has  increased.  At  high  temperatures  the 
size  of  the  splitting  approaches  the  value  of  the  spin-splitting 
in  bulk  GaAs  (see  Fig.  3). 


Fig.  3.  Comparison  of  CR  masses  of  sample  li  (filled  trian¬ 
gles)  and  2i  (open  triangles)  measured  at  8  K  with  the  CR 
masses  from  the  measurement  of  the  spin-split  CR  of  the  bulk 
GaAs  at  28  K.  The  CR  positions  of  the  2DEG  are  found  to  be 
very  similar  to  the  bulk  spin-splitting  positions  plus  a  mass 
shift  due  to  the  2D  subband  nonparabolicity.  At  11.4  T  a 
resonant  subband  Landau  level  coupling  is  observed  for  sam¬ 
ple  2i,  shown  by  the  hatched  region. 


for  the  spin-splitting  of  the  CR  of  free  electrons 
in  bulk  GaAs.  In  a  nonparabolic  dispersion  the 
Zeeman  splitting  of  the  Landau  levels  A  E  = 
g*fiBB  is  energy  dependent.  This  may  be  de¬ 
scribed  by  an  effective  g-factor  [17,18] 

g*  =g0+gi(n  + 1/2)#> 

with  the  Landau  level  index  n.  This  dependency 
has  been  confirmed  by  electron  spin  resonance 
investigations  of  GaAs  heterostructures  [18].  The 
accepted  value  for  the  conduction  band  edge 
g-factor  of  GaAs  is  g0=  —0.44  [19].  The  result¬ 
ing  energy  difference  in  the  CR  transitions  is 
then  Ahcoc^glfxBB2.  This  splitting  is  observed 
in  bulk  GaAs  [5,6]  and  other  bulk  semiconductors 
in  CR  measurements.  It  is  expected  as  well  for 
2D  electron  systems  but  has  not  been  observed  so 
far  [9],  even  when  the  CR  linewidth  has  been 
reduced  much  below  the  expected  splitting  [10]. 

For  a  better  comparison  the  CR  of  a  bulk  5 
fi  m  thick  MBE-grown  Si-doped  GaAs  layer  has 
been  measured.  In  Fig.  3  the  CR  masses  for 
sample  li  (filled  symbols)  and  sample  2i  (open 
symbols)  are  plotted  along  with  the  CR  mass  for 
the  spin-splitting  in  bulk  GaAs  (lines).  The  CR  of 
the  free  electrons  in  the  bulk  sample  could  only 
be  observed  for  temperatures  above  20  K  because 
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of  magnetic  freeze  out.  From  the  slope  of  the 
energy  splitting  plotted  over  the  squared  mag¬ 
netic  field  a  value  of  gx  =  0.0097  T-1  is  found  for 
the  bulk  CR  in  good  agreement  with  the  findings 
of  Refs.  [5,6].  The  energy  splitting  for  the  2D 
samples  at  temperatures  above  6  K  has  the  same 
value,  thus  also  obeying  the  B 2  law.  The  absolute 
CR  masses  are  shifted  to  higher  values  due  to  the 
subband  nonparabolicity,  as  shown  in  Fig.  3.  This 
shift  is  most  pronounced  for  sample  2i  with  the 
highest  intersubband  spacing  (see  Table  1).  For 
this  sample  a  coupling  of  the  CR  to  the  E0_2 
intersubband  energy  is  observed  at  11.4  T.  An 
anticrossing  behaviour  is  resolved,  indicated  by 
the  hatched  area  in  Fig.  3. 

In  the  following  we  present  data  from  the 
transition  range  between  the  non-split  CR  at  high 
filling  factors  and  the  spin-splitting-like  CR  in  the 
extreme  quantum  limit.  Two  series  of  tempera¬ 
ture  dependent  spectra  are  displayed  in  Fig.  4a 
(sample  3,  17  T,  v  »  1/7)  and  Fig.  4b  (sample  1, 
16.7  T,  v  ~  1/20)  illustrating  the  different  be¬ 
haviour  of  the  splitting  close  to  the  critical  filling 
factor  as  opposed  to  that  at  very  low  occupation. 
Two  pronounced  features  are  distinguishable 
from  the  spectra.  First,  in  the  extreme  quantum 
limit  no  temperature  dependence  of  the  CR  posi¬ 
tions  can  be  seen  (Fig.  4b);  however,  in  the  transi¬ 
tion  regime  near  vc  (Fig.  4a)  the  two  lines  ap¬ 
proach  each  other  with  decreasing  temperature. 
Second,  in  Fig.  4a  at  quite  low  temperature  (about 
3  K)  the  intensities  of  the  two  lines  invert,  while 
in  the  extreme  quantum  limit  almost  equal  occu¬ 
pation  is  approached  at  higher  temperatures.  The 
corresponding  CR  masses  rac,  carrier  densities  ns 
and  scattering  rates  1/r,  evaluated  according  to 
the  above  described  Drude  model  are  shown  in 
Fig.  5  for  the  temperature  series  of  Fig.  4b  and  in 
Fig.  6  for  the  series  of  Fig.  4a. 

Fig.  5a  displays  the  CR  masses  of  the  ( - )  and 
(  +  )  resonances  for  sample  1  at  B  =  16.7  T,  corre¬ 
sponding  to  v  ~  1  /20.  The  masses  show  no  signif¬ 
icant  dependence  on  temperature;  the  energy 
splitting  matches  the  size  of  the  bulk  spin-split¬ 
ting  (see  above).  At  low  temperatures  the  intensi¬ 
ties  of  the  lines  (Fig.  5b)  show  an  activation 
behaviour  corresponding  to  an  effective  g  * -factor 
of  g*  =  —0.35.  A  model  is  used  where  the  sys- 


sample  3 
171  v-  1/7 


oo 


sample  1 
16.7  T,  v*  1/20 


Fig.  4.  Temperature  dependent  measurements  for  (a):  sample 
3  at  17  T  corresponding  to  v  ~  1/7  and  (b):  sample  1  at  16.7 
T,  v  ~  1/20,  illustrating  the  different  behaviour  of  the  split¬ 
ting  close  to  the  critical  filling  factor  with  respect  to  the  case 
of  very  low  occupation.  In  this  graph  CR  transmission 
T(B)/T(0)  is  plotted.  The  evaluation  of  the  temperature 
series  of  (b)  is  displayed  in  Fig.  5,  the  series  of  (a)  is  evaluated 
in  Fig.  6. 


tern  is  represented  by  two  5-like  densities  of 
states  separated  by  g*nBB  and  populated  ac¬ 
cording  to  a  Fermi  distribution.  This  g  *  is  close 
to  the  spin-splitting  value  of  -0.36,  calculated 
from  g0  and  gl  for  16.7  T. 

At  higher  temperatures  an  inversion  of  the 
intensities  is  found,  this  effect  is  much  more 
pronounced  at  higher  filling  factors  and  is  in 
contrast  to  the  expected  spin-splitting.  In  the 
limit  of  infinite  temperatures  the  thermal  popula¬ 
tion  of  two  levels  with  equal  density  of  states 
should  result  in  equal  occupation.  This  point  will 
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be  discussed  in  detail  below.  For  all  samples  a 
slight  increase  in  total  carrier  density  ws(_)  +  ns(+) 
is  observed  at  higher  temperatures.  This  is  at¬ 
tributed  to  thermal  ionization  of  shallow  impuri¬ 
ties  in  the  vicinity  of  the  channel. 

Both  scattering  rates  (Fig.  5c)  of  the  two  lines 
show  the  same  increase  with  temperature  which 
is  similar  for  all  samples  at  higher  temperatures 
and  is  attributed  to  increasing  impurity  scattering 
according  to  the  model  of  free  carrier  redistribu¬ 
tion  [15]  and  phonon  scattering. 

Figs.  6a-6c  show  the  evaluation  of  the  spectra 
of  sample  3  at  17  T  corresponding  to  a  filling 
factor  of  about  1/7  (Fig.  4a).  All  three  quantities 
show  a  behaviour  quite  different  from  spin-split- 
ting.  The  following  characteristics  are  found  for 
the  transition  region  between  the  non-split  reso¬ 
nance  and  the  spin-splitting  behaviour  in  the  ex¬ 
treme  quantum  limit:  First,  the  two  transitions 


TEMPERATURE  [K] 


Fig.  5.  Evaluation  of  the  temperature  series  of  sample  1  at 
16.7  T  (corresponding  to  the  spectra  of  Fig.  4b).  (a)  CR  mass 
mc,  (b)  carrier  density  ns,  corresponding  to  the  integrated 
intensity  of  the  lines,  and  (c)  scattering  rate  1/r.  The  ob¬ 
served  size  of  the  splitting  and  the  activation  of  the  intensities 
are  close  to  the  expectations  for  bulk  spin-splitting.  The 
circles  correspond  to  the  low  energy  (  — )  and  the  squares  to 
the  high  energy  (  +  )  resonance,  the  dashed  lines  are  guides  to 
the  eye.  This  convention  is  also  used  in  the  following  graphs. 


TEMPERATURE  [K] 

Fig.  6.  Evaluation  of  the  temperature  series  (Fig.  4a)  of 
sample  3  at  17  T.  Characteristics  of  the  CR  at  transition  filling 
factors  are  (a)  the  merging  of  the  two  transitions  at  low 
temperatures  as  seen  in  the  CR  masses  mc,  (b)  an  inversion 
of  the  intensities  at  medium  temperatures  displayed  by  the 
evaluated  carrier  densities  n&  and  (c)  a  different  behaviour  of 
the  scattering  rates  1/r  for  the  two  transitions  showing  in¬ 
creased  scattering  for  the  minority  occupation.  In  (a)  the 
quantities  8m  and  Am,  describing  the  merging  of  the  transi¬ 
tions  at  low  temperatures,  are  labelled.  These  values  are  used 
for  the  evaluation  in  Fig.  9. 


merge  for  low  temperatures  and  the  CR  mass 
slightly  increases  at  higher  temperatures  (Fig.  6a). 
Second,  the  intensities  of  the  two  resonances 
invert  at  medium  temperatures  (Fig.  6b),  and 
third,  the  scattering  rates  of  the  two  states  exhibit 
a  different  behaviour  (Fig.  6c).  All  three  charac¬ 
teristics  become  more  pronounced  as  vc  is  ap¬ 
proached. 

In  Fig.  6a  the  quantities  8m  and  A m  describ¬ 
ing  the  mass  shift  at  low  temperatures  are  de¬ 
picted.  They  are  used  for  the  evaluation  shown  in 
Fig.  9.  The  mass  shift  8m  appears  to  be  related 
to  the  change  in  occupation  as  seen  in  the  evalu¬ 
ated  carrier  densities,  suggesting  a  decreasing  CR 
mass  for  decreasing  occupation. 

From  the  activation  behaviour  of  the  evaluated 
carrier  densities  in  Fig.  6b  for  lowest  tempera- 
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tures  a  g  *  =  -  0.2  is  calculated,  which  differs 
from  the  value  of  —0.36  expected  for  spin-split¬ 
ting.  At  increasing  temperatures,  g  *  has  to  reach 
even  higher  values  growing  well  above  +1  to 
account  for  the  inversion  of  the  intensities.  This 
two  level  model  assuming  identical  densities  of 
states  for  both  states,  therefore,  implies  a  cross¬ 
ing  of  the  levels  with  temperature.  If,  on  the 
other  hand,  the  energy  gap  between  the  two 
levels  is  kept  constant,  a  pronounced  difference 
in  the  density  of  states  for  the  two  levels  has  to  be 
assumed  (see  Ref.  [13]). 

In  the  transition  region  the  scattering  rates  of 
the  ( - )  and  ( + )  states  strongly  differ  from  each 
other.  Increased  scattering  is  found  for  the  lesser 
occupied  state.  Close  to  the  critical  filling  factor 
the  following  relation  is  found:  )X1/t(— j* 

ns(+)X  l/r(+).  For  all  measurements  equal  scat¬ 
tering  rates  are  found  at  the  point  of  equal  occu¬ 
pation. 

Fig.  7  illustrates  the  characteristics  of  the  tran¬ 
sition  regime  close  to  the  critical  filling  factor  for 
sample  li.  The  CR  masses  of  six  temperature 
series  at  magnetic  fields  from  9.5  T  up  to  17  T 
are  shown.  At  higher  magnetic  fields  the  masses 
are  shifted  to  higher  values  due  to  the  influence 
of  nonparabolicity  from  the  increasing  energy  of 
the  Landau  levels.  The  increase  of  CR  mass  with 
temperature  is  attributed  to  the  influence  of  free 
carrier  redistribution  [15].  At  filling  factors  below 
vc ,  that  is  for  magnetic  fields  12.5  to  17.0  T  the 
splitting  is  observed.  The  ( + )  resonance  vanishes 
(like  in  Fig.  5b)  with  increasing  magnetic  fields  at 
higher  temperatures.  The  total  carrier  density  in 
the  channels  increases  with  temperature  as  al¬ 
ready  mentioned.  As  function  of  filling  factor  the 
splitting  again  vanishes  at  vc  due  to  the  increased 
carrier  density. 

A  systematic  behaviour  of  the  merging  of  both 
transitions  at  low  temperature  can  be  observed. 
The  splitting  extrapolates  to  a  finite  value  for 
T  ->  0.  The  corresponding  mass  shift  is  strongest 
close  to  vc.  For  purpose  of  comparison  the  range 
from  the  bulk  (-)  to  the  bulk  (  +  )  transition  is 
indicated  by  the  hatched  regions.  For  9.5  and 
11.0  T  no  splitting  and  even  no  broadening  of  the 
CR  is  observed.  The  mass  shift  at  low  tempera¬ 
tures  is  half  the  size  of  the  spin-splitting  in  bulk, 


Fig.  7.  CR  masses  for  six  temperature  series  of  sample  li  at 
magnetic  fields  from  9.5  T  up  to  17  T.  For  magnetic  fields 
>  12.5  T  the  splitting  is  observed.  The  hatched  regions  pro¬ 
vide  a  comparison  to  the  bulk  spin-splitting.  In  the  scale  of 
the  mass  they  extend  from  the  measured  ( - )  bulk  position  to 
the  ( + )  bulk  position,  with  temperature  they  follow  the  over¬ 
all  tendency  found  in  the  2D  data. 


suggesting  that  the  averaged  position  of  the  two 
hybridized  resonances  is  observed.  If  the  corre¬ 
sponding  temperature  dependent  population  of 
the  two  states  is  calculated  under  this  assump¬ 
tion,  an  activation  energy  a  little  below  the  bulk 
spin  gap  is  found.  In  the  region  of  the  splitting 
the  (-)  resonance  still  follows  this  trend,  whereas 
the  (  +  )  resonance  shows  a  downward  shift  for 
increasing  temperatures.  Therefore,  the  be¬ 
haviour  of  both  resonances  may  be  described  by 
an  occupation  dependent  downward  shift  in  CR 
mass. 

Fig.  8  gives  an  example  how  the  varying  inten¬ 
sities  of  the  two  lines  in  the  transition  regime  are 
expressed  by  the  occupations  of  the  two  states. 
The  separate  occupations  of  the  two  states  v^_) 
and  i/(+)  are  calculated  with  the  definition  for  v 
(see  above)  for  the  corresponding  carrier  densi¬ 
ties  /i(_)  and  rc(+),  so  that  v^  +  V(+)  =  v.  Be¬ 
tween  11  and  12  T  a  RSLC  disturbs  the  evalua¬ 
tion  of  the  integrated  intensities.  It  turns  out  that 
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Fig.  8.  Separate  occupations  and  */(+)  determined  from 
the  intensities  of  the  two  transitions  for  sample  2i  at  8  K. 
Between  11  and  12  T  (hatched  region)  a  resonant  subband 
Landau  level  coupling  (RSLC)  disturbs  the  evaluation  of  the 
integrated  intensities. 


occupation  vv  For  a  given  temperature  vf  is 
found  to  depend  on  sample  as  vc  does.  The 
constant  occupation  vf  itself  corresponds  to  a 
density  of  states  which  is  proportional  to  mag¬ 
netic  field. 

The  mass  shift  8m  as  a  feature  of  the  transi¬ 
tion  regime  is  found  to  obey  a  relation  indepen¬ 
dent  of  the  sample,  magnetic  field  and  carrier 
density  as  shown  in  Fig.  9.  The  mass  shift  8m  is 
normalized  by  the  mass  difference  Am  corre¬ 
sponding  to  the  size  of  the  spin  splitting  (both  are 
evaluated  as  depicted  in  Fig.  6a).  Following  the 
observation  that  the  merging  becomes  more  pro¬ 
nounced  as  the  critical  filling  factor  vc  is  ap¬ 
proached,  the  relative  filling  factor  v/vc  is  calcu¬ 
lated.  The  correlation  of  8m/ Am  versus  v/vz  is 
surprisingly  good. 


the  observed  inversion  of  the  intensities,  which  is 
less  pronounced  as  the  filling  factor  is  lowered,  is 
manifested  in  an  almost  constant  occupation  of 
the  ( 4- )  state.  With  increasing  magnetic  field  the 
reduced  filling  factor  only  appears  in  v{_y  At 
even  lower  filling  factors  v(+)  starts  to  decrease 
as  soon  as  it  is  reached  by  which  is  seen  in 
temperature  dependent  measurements  at  lowest 
filling  factors.  In  the  transition  region  where  v(+) 
keeps  almost  constant  it  may  be  labelled  a  fixed 
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Fig.  9.  Low  temperature  mass  shift  8m  as  a  fraction  of  the 
spin-splitting  Am  (8m  and  Am  as  given  in  Fig.  6a)  from  the 
evaluation  of  eleven  temperature  sweeps,  plotted  versus  filling 
factor  v  as  a  fraction  of  the  critical  filling  factor  vc.  This 
graph  illustrates  the  merging  of  the  spin  transitions  as  the 
critical  filling  factor  is  approached. 


4.  Summary  of  observations 

The  2D  character  of  the  investigated  inversion 
channels  is  reflected  by  the  observed  resonant- 
subband-Landau-level  couplings  and  the  subband 
nonparabolicity  appearing  in  the  increased  CR 
mass.  The  CR  in  the  extreme  quantum  limit  is 
attributed  to  a  bulk-like  phase  of  2D  electrons  in 
the  sense  that  the  observed  splitting  becomes 
increasingly  similar  to  the  bulk  spin-splitting  for 
very  low  filling  factors.  In  the  transition  regime  a 
process  leading  to  the  hybridization  of  the  spin 
transitions  at  higher  filling  factors  is  observed. 

•  The  critical  filling  factor  vc ,  defined  as  the 
onset  of  the  splitting,  is  sample  dependent,  indi¬ 
cating  an  influence  of  sample  quality  on  the  ob¬ 
served  effect.  vc  does  not  vary  under  changed 
illumination  condition,  that  is  for  varied  carrier 
densities  in  the  channel. 

•  At  filling  factors  above  vc  no  splitting  and  no 
broadening  of  the  lines  is  observed.  The  mass 
shift  at  low  temperatures  resembles  half  the  spin 
gap,  suggesting  that  an  averaged  mass  for  the 
transitions  from  the  two  thermally  populated 
states  is  observed.  The  activation  energy  deduced 
under  this  assumption  is  found  to  be  little  below 
the  spin  gap  expected  for  the  bulk  case. 

•  The  size  of  the  splitting  at  medium  tempera¬ 
tures  (around  8  K)  obeys  the  B2  dependence 
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according  to  the  same  g}  factor  found  for  bulk. 
In  the  extreme  quantum  limit  the  activation  of 
the  intensities  at  low  temperatures  yields  values 
for  the  spin  gap  compatible  with  the  g0  and  gl 
factors  of  the  bulk  spin-splitting. 

A  description  of  the  characteristics  of  the  tran¬ 
sition  regime  may  provide  hints  to  the  under¬ 
standing  of  the  hybridization  of  the  spin  transi¬ 
tions.  The  main  features  are: 

•  The  apparent  inversion  of  the  intensities  can 
be  described  by  a  constant  occupation  vv  In  the 
extreme  quantum  limit  almost  equal  occupations 
of  the  (-)  and  (  +  )  states  are  found.  As  soon  as 
the  (  +  )  states  reaches  vi  the  surplus  intensity  is 
shifted  to  the  ( - )  state.  vf  shows  the  same  sam¬ 
ple  dependence  as  vc. 

•  The  scattering  rates  of  the  ( - )  and  ( + )  transi¬ 
tions  strongly  differ  in  this  regime.  The  lesser 
occupied  state  exhibits  the  higher  scattering  rate. 
Near  vc  ns(_)  X  l/r(„)  *  ns(+)  X  l/r(+)  is  obeyed, 
suggesting  a  scattering  between  the  two  states.  At 
equal  occupation  the  scattering  rates  are  always 
found  to  be  identical. 

•  The  mass  shift  at  low  temperatures  as  a  frac¬ 
tion  of  the  total  splitting  expressed  by  8m/km  is 
found  to  correlate  to  v/vc.  The  merging  of  the 
lines  is  most  pronounced  at  filling  factors  close  to 
vc.  The  extrapolated  CR  masses  (or  positions)  do 
not  coincide  for  T  ->  0.  At  filling  factors  below 
1/3  vc,  the  mass  shift  vanishes.  The  merging 
appears  not  to  be  an  effect  of  the  two  spin 
transitions  having  equal  transition  energies,  it 
rather  looks  like  an  occupation  dependent  mass 
shift  for  the  (-)  and  the  (  +  )  transition. 


5.  Discussion  of  the  results 

The  first  observation  of  a  hybridization  of  CR 
transitions  for  different  types  of  electrons  has 
been  made  by  Stallhofer  et  al.  [20]  for  strained 
Si(100)  where  different  valleys  are  occupied.  For 
the  explanation  of  these  findings  Appel  and 
Overhauser  [21]  studied  the  electron-electron  in¬ 
teraction  in  a  two  component  plasma  and  found 
hybridization  of  the  CR  transitions  in  the  case  of 
strong  electron- electron  interaction,  that  is  for 
1/t6  »  1  /t  when  electron-electron  scattering 


dominates  over  electron  impurity  scattering. 
Takada  and  Ando  [22]  employed  the  Landau- 
Fermi  liquid  theory  to  show  hybridization  of  CR 
transition  in  the  case  of  strong  electron-electron 
interaction. 

MacDonald  and  Kallin  [23]  used  a  generalized 
single  mode  approximation  to  calculate  the  mag- 
netoplasmon  dispersion  for  filling  factors  2  <  v  < 
3.  A  magnetoplasmon-like,  a  spin-wave-like  and  a 
non-infrared-active  mode  is  predicted.  The  mag¬ 
netoplasmon-like  excitation  mixes  the  n  =  0  to 
n  =  1  and  n  —  1  to  n  =  2  transitions  in  the  limit  of 
strong  electron-electron  correlation,  but  spin¬ 
splitting  should  remain  observable  for  vanishing 
wave  vector  k  =  0.  Translational  invariance  is 
necessary  to  exclude  influences  of  electron-elec¬ 
tron  interactions  on  the  CR  according  to  Kohn’s 
theorem  [24].  The  translational  invariance  can  be 
broken  by  nonparabolicity.  Therefore  electron- 
electron  interactions  will  couple  the  transitions 
until  the  nonparabolicity  exceeds  the  Coulomb 
energy. 

All  these  calculations  of  hybridization  of  dis¬ 
tinct  CR  transitions  involve  strong  electron-elec¬ 
tron  interaction.  This  may  suggest  for  our  case  an 
abrupt  change  in  electron-electron  interaction  at 
the  critical  filling  factor,  which  might  be  intro¬ 
duced  by  localization  of  the  electrons  in  the  ex¬ 
treme  quantum  limit,  leading  to  decreased  elec¬ 
tron-electron  scattering.  Formation  of  an  elec¬ 
tron  solid  as  appears  to  be  observed  in  magneto¬ 
transport,  luminescence  and  microwave  experi¬ 
ments  (see  citations  in  Refs.  [13,14])  might  have  a 
similar  effect. 

The  finding  of  a  constant  occupation  v{  for  the 
( + )  transition  at  a  given  temperature  suggests  a 
density  of  states  for  the  associated  level  which  is 
proportional  to  magnetic  field.  The  same  depen¬ 
dence  of  and  vc  on  sample  seems  to  support 
this  interpretation.  The  downward  shift  of  the 
(  +  )  CR  masses  in  Fig.  7  with  respect  to  the 
extrapolated  behaviour  of  the  bulk  CR  masses 
would  be  compatible  with  stronger  binding  of  the 
electrons  in  impurity  potentials  according  to  the 
model  for  the  influence  of  impurity  potentials  on 
the  CR  energy  [25].  The  observation  of  vanishing 
spin-  and  Landau-splitting  for  highest  mobilities 
in  the  InAs  system  [12]  by  Scriba  et  al.  also 
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indicates  the  importance  of  localization  for  the 
occurrence  of  spin-splitting. 

We  have  demonstrated  the  transition  of  the 
2DEG  in  the  extreme  quantum  limit  from  a  phase 
which  exhibits  bulk-like  spin-splitting  to  a  system 
with  hybridized  resonances.  The  hybridization  is 
related  to  strong  electron- electron  interaction, 
which  appears  to  be  weakened  in  the  extreme 
quantum  limit  under  the  influence  of  weak  local¬ 
ization  induced  by  magnetic  field. 
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Abstract 

A  helium  dilution  refrigerator  has  been  modified  to  enable  cyclotron  resonance  measurements  to  100  mK  on 
low-density,  2D  electron  systems  in  the  ultra-quantum  limit.  Previous  cyclotron  resonance  work  to  300  mK  indicates 
the  presence  of  a  phase  boundary  at  a  filling  factor  of  vc  *  separating  gas-like  behavior  at  v  <  vc,  and  a  new 
mixed-spin  liquid  at  v>vc.  The  present  experiment  probes  the  ground  state  of  these  phases,  as  the  temperature  is 
lowered  to  the  Wigner  solid  regime.  We  find  that,  even  at  100  mK,  the  system  is  spin  polarized  only  at  low  values  of 
v. 


1.  Introduction 

The  availability  of  high-quality  heterostruc¬ 
tures  has  led  to  many  studies  of  the  two-dimen¬ 
sional  electron  system  (2DES)  formed  at  the  in¬ 
terface  of  two  materials,  in  the  presence  of  a 
perpendicular  magnetic  field.  Description  of  such 
systems  is  usually  in  terms  of  the  variables  carrier 
concentration  ns,  temperature  T ,  and  the  filling 
factor  v  =  nsh /eB  used  to  detail  the  number  of 
Landau  levels  fully  occupied  by  the  carriers.  It  is 
postulated  that  a  reduction  in  filling  factor  to  a 
critical  value  v  =  vc  will  lead  to  crystallization  of 
the  dilute  electron  gas  and  the  formation  of  a 
“Wigner  solid"  (WS)  [1]. 


*  Corresponding  author. 


Up  until  recently,  the  experimental  tools  for 
probing  2DES  have  been  magnetotransport  [2,3] 
and  radio-frequency  spectroscopic  [4,5]  or  con¬ 
ductivity  [6]  techniques.  From  transport  measure¬ 
ments,  it  is  generally  accepted  that  at  v  =  \  and 

the  ground  state  of  the  system  is  an  incom¬ 
pressible  fractional  quantum  Hall  liquid,  which 
produces  plateaus  in  the  Hail  resistance  and  as¬ 
sociated  minima  in  the  diagonal  resistivity.  The 
region  around  v  =  |  has  emerged  as  critical  with 
transport-generated  AC  “noise"  [7],  and  diagonal 
resistance  versus  temperature  studies  [8]  indicat¬ 
ing  possible  Wigner  crystal  formation  just  below 
and  reentrant  above  the  v  —  |  liquid  ground  state. 
These  studies  are  not  inconsistent  with  the  best 
currently  available  theoretical  estimates  of  vz 
=  jj  [9]  and  |  [10]. 

A  significant  breakthrough  in  2DES  investiga- 
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tions  was  the  correlation  of  photoluminescence 
intensity  with  filling  factor  associated  with  the 
fractional  and  integral  quantum  Hall  effects 
[11,12].  Optical  investigation  was  now  possible 
with  some  further  studies  showing  the  presence 
of  an  additional  line  in  the  luminescence  spectra 
below  a  critical  filling  factor  of  vc  =  0.28  [13]. 
This  additional  line  almost  disappeared  at  frac¬ 
tional  filling  factors  v  =  \,  j,  and  where  the 
electrons  were  thought  to  condense  into  the  in¬ 
compressible  Laughlin  liquid  of  the  fractional 
quantum  Hall  effect  (FQHE),  giving  cause  to 
equate  the  appearance  of  this  new  line  with  the 
formation  of  a  WS. 

An  attempt  to  correlate  optical  and  transport 
data  has  been  made  by  Kukushkin  and  co-workers 
[14]  who  monitored  luminescence  intensity  while 
applying  an  electric  field.  Indicated  by  the  ap¬ 
pearance  of  the  low-energy  photoluminescence 
peak,  the  solid  is  said  to  exist  in  regions  below 
vc  =  0.27  and,  surprisingly,  up  to  temperatures  of 
1.5  K.  Only  the  low-energy  luminescence  peak 
intensity  is  affected  by  the  electric  field,  showing 
an  enhancement  attributed  to  depinning  of  the 
Wigner  crystal.  Indication  is  also  given  for  a 
two-stage  melting  process  which  agrees  with  ear¬ 
lier  experiments  on  classical  systems  [15]  and 
theoretical  predictions  for  the  existence  of  an 
intermediate  “hexatic”  phase  between  the  liquid 
and  solid  phases  in  a  2DES  [16]. 

An  alternative  optical  technique,  cyclotron  res¬ 
onance  (CR),  constitutes  the  most  recent  of  the 
experimental  methods  tried  to  date  in  an  attempt 
to  probe  the  phase  diagram  of  the  2DES.  The 
most  important  conclusion  from  these  measure¬ 
ments  has  been  to  show  that,  in  contrast  to  all 
previous  assumptions,  there  is  a  considerable 
population  of  both  spin  states  of  the  lowest  Lan¬ 
dau  level  even  in  the  extreme  quantum  limit 
[17,18].  A  particular  advantage  of  CR  is  that  in 
the  limit  of  a  perfect  system,  the  absorption  in¬ 
tensity  is  determined  by  the  classical  single-par¬ 
ticle  oscillator  strength,  and  according  to  Kohn’s 
theorem,  is  insensitive  to  electron-electron  inter¬ 
actions  [19].  CR,  then,  should  be  an  indication  of 
the  single-particle  composition  of  the  interacting 
2DES  and  how  this  may  change  around  vc  and 

rc. 


This  paper  concerns  itself  with  CR  measure¬ 
ments  performed  on  the  2DES  present  in  high- 
quality  GaAs/GaAlAs  samples.  Our  previous 
work  down  to  temperatures  of  ~  360  mK  is  sum¬ 
marized.  Extension  of  those  measurements  to 
much  lower  temperatures,  well  below  the  classi¬ 
cal  Wigner  solid  melting  temperature,  Tc,  around 
200-400  mK  for  the  densities  employed,  enables 
us  to  find  that  a  transition  also  occurs  in  this 
regime  from  a  higher-density  mixed-spin  configu¬ 
ration  to  a  spin-polarized  system  at  very  low 
densities. 


2.  Experimental  setup 

Two  GaAs /GaAlAs  heterojunctions  grown  by 
MBE  at  Philips  Research  Laboratory,  Redhill 
[20],  were  studied,  with  spacer  layers  of  480  and 
80  nm  resulting  in  carrier  concentrations  at  the 
interface  of  3.6  and  12  X  1010  cm-2  and  2  K 
mobilities  of  2.5  and  4  X  106  cm2  V-1  s-1,  re¬ 
spectively.  In  addition,  continuous  reduction  of 
the  density  by  up  to  70%  was  achieved  in  situ  by 
using  above  barrier  illumination  from  a  HeNe 
laser,  as  will  be  described  shortly. 

We  have  modified  a  helium  dilution  refrigera¬ 
tor  in  the  bore  of  a  17.5  T  magnet  to  include  a 
light  pipe  and  optical  fiber.  The  highly  polished, 
evacuated  brass  light  pipe  carried  far-infrared 
(FIR)  radiation  from  a  C02-pumped  laser  to  the 
sample.  Blackbody  radiation  presented  a  prob¬ 
lem,  requiring  filters  to  be  added  at  room-tem¬ 
perature,  4.2,  and  1  K  stages  of  the  refrigerator. 
Suitable  filter  materials  (quartz  and  black  poly¬ 
thene)  were  selected  such  that  only  wavelengths 
longer  than  ~  50  fxm  passed  through,  essentially 
blocking  all  but  the  long-wavelength  tail  of  the 
room-temperature  Planck  distribution,  and  con¬ 
veniently  just  letting  through  the  57  fim  laser  line 
needed  to  match  the  cyclotron  frequency  for  fields 
of  ~  13  T.  We  achieved  base  sample  tempera¬ 
tures  between  50  and  100  mK,  as  measured  with 
Ru02  resistors.  Cyclotron  resonance  measure¬ 
ments  were  made  in  the  range  from  50-1000  mK. 
The  intensity  of  the  transmitted  FIR  radiation 
was  determined  by  a  Si  bolometer  mounted  be¬ 
low  the  sample  and  cooled  to  2  K  by  the  4He 
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bath.  The  extreme  sensitivity  of  this  bolometer 
enabled  FIR  power  to  be  kept  to  a  minimum 
(~  0.1  ii W)  and  no  heating  effects  were  observed 
in  the  refrigerator  from  the  57  /xm  laser  light. 

A  1  mm  glass  optical  fiber  was  similarly  in¬ 
serted  through  the  refrigerator  to  provide  contin¬ 
uous  illumination  of  the  sample  with  red  or  green 
HeNe  laser  light.  With  energy  greater  than  the 
AlGaAs  band  gap,  this  light  served  to  further 
depopulate  the  2DES;  power  density  ~  10“ 4 
W/cm2  reduced  the  lower  bound  on  the  carrier 
concentration  to  1  X  10 10  cm-2.  The  power  den¬ 
sity  was  altered  through  the  use  of  externally 
placed  neutral  density  filters.  Little  difference  in 
resultant  carrier  concentration  was  observed  be¬ 
tween  equivalent  power  densities  of  the  red  and 
green  HeNe.  The  dilution  refrigerator  was  rea¬ 
sonably  tolerant  of  this  added  source  of  heat, 
holding  base  temperature  for  all  but  the  largest 
power  densities,  with  a  full  HeNe  power  of  0.5 
mW. 

Electrical  contacts  allowed  simultaneous  trans¬ 
port  measurements  to  be  made  on  the  high-den¬ 
sity  sample,  enabling  a  precise  comparison  of 
optical  and  transport  measurements  of  the  carrier 
density.  Conversion  of  absorption  strength  to  car¬ 
rier  concentration  was  made  using  the  classical 
Drude  absorption  formula  as  in  previous  3He 
cryostat  experiments  [17,21]  using  both  the  C02- 
pumped  FIR  laser  and  Fourier  transform  spec¬ 
trometer.  No  differences  in  CR  position  or  inten¬ 
sity  were  detected  between  data  taken  at  compa¬ 
rable  densities  and  temperatures,  either  between 
measurements  with  different  samples,  different 
illumination  conditions,  or  different  refrigeration 
systems. 

3.  CR  measurements  of  low-density  2D  electron 
systems 

The  dilution  refrigerator  measurements,  which 
extend  our  previous  CR  experiments,  provide  evi¬ 
dence  for  the  existence  of  a  mixed-spin  state  at 
temperatures  below  the  classical  Wigner  solid 
melting  temperature  Tc,  and  show  a  tendency 
towards  complete  spin  polarization  only  at  very 
low  densities  and  temperatures.  The  data  and 


Fig.  1.  Possible  CR  transitions  from  the  N~  0  Landau  level 
and  the  resultant  spin  splitting. 


consequent  analysis  are  best  understood  within  a 
framework  where  the  range  of  filling  factors  is 
divided  into  three  regions:  l<v  <2,  \<v  <\, 
and  While  the  present  study  concerns  it¬ 

self  with  data  taken  in  the  ultra-quantum  limit 
(p  <  1),  it  relies  to  a  large  extent  on  previous 
experimental  and  theoretical  work  in  each  of  the 
listed  regimes. 

3.1.  1  <v  <2 

Generally,  spin  splitting  of  the  Landau  levels  is 
the  result  of  the  Zeeman  interaction,  but  only 
manifests  itself  in  CR  measurements  because  of 
the  energy  dependence  of  the  g-factor,  which 
changes  the  magnitude  of  the  splitting  for  succes¬ 
sive  Landau  levels.  This  is  shown  schematically  in 
Fig.  1  for  bulk  GaAs,  which  has  an  N  =  0  g-fac- 
tor  of  ~  -0.4.  The  two  spin-conserving  transi¬ 
tions  in  the  CR  N  =  0  ->  1  absorption  are  split  by 
60  mT  at  13  T.  In  GaAs  heterostructures,  this 
splitting  continues  to  be  determined  predomi¬ 
nately  by  the  GaAs  g-factor,  with  the  spin(  +  ) 
state  lowest  in  energy  [22].  The  predicted  field 
location  of  the  spin(  + )  and  spin(  —  )  transitions  is 
carrier-concentration-dependent  due  to  band 
non-parabolicity  and  can  be  calculated  by  the 
formula  m*/m  =  1  +  2.6 (Tz)/Eg,  where  (Tz)  is 
the  kinetic  energy  due  to  the  self-consistent 
quasi-accumulation  layer  potential,  and  Eg  the 
GaAs  band  gap  [23,24]. 

Initial  experiments  [25]  in  very  high  mobility 
GaAs/ AlGaAs  heterojunctions  for  1  <  v  <  2, 
where  both  spin  states  are  populated,  failed  to 
observe  a  splitting  of  the  CR,  despite  experimen¬ 
tal  linewidths  that  were  considerably  smaller  than 
the  expected  splitting.  This  was  attributed  to 
plasma  mixing  or  hybridization  of  the  two  spin 
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transitions  [25],  resulting  in  a  single  coupled  reso¬ 
nance  at  the  weighted  mean  of  the  two  transi¬ 
tions,  although  no  mixing  of  these  transitions  is 
predicted  [26]  at  k  =  0.  By  contrast,  recent  work 
in  lower  mobility  InAs  quantum  wells,  where  the 
g-factor  is  much  larger  (-15),  does  show  sepa¬ 
rately  resolved  resonances  from  different  spin 
states  of  the  same  Landau  level  [27].  This  split¬ 
ting  disappears,  however,  for  a  sample  with  a 
higher  mobility,  leading  the  authors  to  conclude 
that  the  small  number  of  lattice  imperfections  in 
high-mobility  samples  results  in  a  system  with 
strong  translational  symmetry  and  that  a  hy¬ 
bridization  of  the  two  spin-states  has  occurred 
due  to  the  removal  of  scattering  centers.  This 
suggestion  becomes  applicable  in  discussions  con¬ 
cerning  the  origin  of  our  two  observed  CR  peaks 
in  the  ultra-quantum  limit. 

3.2.  |  <  v  <  1 

Transport  data  showing  several  well  defined 
FQHE  states  in  this  region  led  researchers  to  try 
and  correlate  shifts  in  cyclotron  resonance  posi¬ 
tions  or  changes  in  absorption  linewidths  to  filling 
factors  associated  with  the  FQHE  [28,29].  These 
have,  on  the  whole,  provided  no  conclusive  evi¬ 
dence  for  the  observation  of  the  FQHE  by  CR, 
although  the  majority  of  experiments  have  been 
performed  between  0.5  and  2  K,  where  the  FQHE 
features  are  not  particularly  strong.  We  have 
extended  this  work  down  to  100  mK,  and  a  com¬ 
parison  of  our  cyclotron  masses  for  a  large  wave¬ 
length  range  (1223-57  /x m)  with  simultaneous 
transport  measurements  in  a  sample  which  shows 
a  strong  and  clearly  resolved  series  of  FQHE 
features,  is  shown  in  Fig.  2.  No  anomalies  in  the 
effective  mass  are  seen  at  fields  corresponding  to 
fractional  filling  factors,  and  a  single  resonance  is 
always  seen  for  v>  \.  Both  of  these  results  pro¬ 
vide  evidence  for  the  insensitivity  of  the  CR  to 
the  electron-electron  interactions  responsible  for 
the  FQHE. 

While  not  finding  any  evidence  of  FQHE 
states,  recent  CR  measurements  in  this  regime 
[17,21]  have  found  a  systematic  shift  in  resonance 
position  as  the  temperature  is  varied.  This  tem¬ 
perature  dependence  appears  to  have  an  onset  at 


Fig.  2.  Data  taken  at  100  mK,  showing  a  comparison  of 
transport  and  cyclotron  effective  mass. 


v  ~  j  and  becomes  more  pronounced  towards 
smaller  filling  factors.  Changing  the  temperature 
from  2  K  to  300  mK  for  v  =  resulted  in  a 
continuous  shift  of  the  resonance  position  down¬ 
wards  in  field.  The  total  shift  in  position  was  up 
to  half  of  the  single-particle  spin  splitting.  We 
will  argue  later  that  the  temperature  dependence 
of  this  resonance  suggests  that  it  is  a  coupled 
resonance  similar  to  that  seen  for  the  integral 
occupancy  region  1  <  v  <  2. 

3.3.  v  <  i 

The  appearance  of  a  second  resonance  in  CR 
measurements  at  filling  factors  below  \  was  re¬ 
cently  reported  independently  by  two  groups 
[18,21].  Existence  of  a  second  resonance  was 
striking  given  the  failure  to  observe  splitting  at 
greater  occupancies  when  both  spin  states  are 
definitely  occupied. 

Nicholas  et  al.  [21]  demonstrated  that  the  mag¬ 
nitude  of  the  observed  splitting  at  very  low  densi¬ 
ties  (v  “>  0)  was  similar  to  that  in  bulk  GaAs  for 
Ag-induced  spin(  +  )  and  spin(  — )  transitions  orig¬ 
inating  from  the  lowest  Landau  level,  and  postu¬ 
lated  that  A  g  splitting  was  the  origin  of  the  two 
peaks.  This  interpretation  was  largely  based  on 
the  very  good  agreement  between  the  high-tem¬ 
perature  limit  of  the  observed  splitting  and  the 
known  values  for  bulk  GaAs  [23]  over  a  range  of 
magnetic  field  from  6  to  90  T  [21,30].  The  possi- 
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Fig.  3.  CR  traces  are  shown  as  a  function  of  temperature  for  occupancies  \  and  either  side  of  a  critical  value  of 
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bility  of  impurity-shifted  CR  was  discounted  due 
to  the  highly  systematic  dependence  of  resonance 
positions  and  intensities  on  carrier  density  which 
are  continuous  from  one  sample  to  the  next,  and 
independent  of  other  factors  such  as  spacer-layer 
thicknesses,  illumination  states  and  cool-down 
history. 

Subsequently,  Summers  and  co-workers  [17] 
plotted  the  position  and  intensity  of  the  dual 
peaks  as  a  function  of  temperature  and  filling 
factor  and  found  a  critical  occupancy  at  vc  = 
which  serves  to  divide  regions  which  differ  dra¬ 
matically  in  their  response  to  changes  in  tempera¬ 
ture  (Fig.  3).  Below  vc ,  the  resonance  peak  posi¬ 
tions  vary  little  with  decreasing  temperature  but 
the  intensity  of  the  spin(  + )  transition  is  increased 
relative  to  the  spin(-)  so  that,  at  low  tempera¬ 
tures,  most  of  the  carriers  are  seen  to  reside  in 
this  lower-energy  state.  In  the  low-density  limit 
(i.e.,  v  -» 0)  the  absolute  positions  of  both  reso¬ 
nances  correspond  very  accurately  (  +  5  mT)  to 
the  field  positions  in  bulk  GaAs,  measured  with 
the  same  system.  Above  vc ,  the  resonance  peak 
positions  merge  together  with  decreasing  temper¬ 
ature  to  join  into  a  single  resonance  at  the  mean 
of  the  expected  spin(  + )  and  spin(  - )  transitions. 
The  formation  of  a  single  resonance  at  the  mid¬ 


point  is  independent  of  the  relative  intensities 
that  existed  in  either  peak  prior  to  cooling. 

The  existence  of  a  critical  occupancy  is  con¬ 
firmed  by  the  density-dependent  behaviour  of  the 
system  for  a  fixed  temperature  as  shown  in  Fig.  4 
at  16  T  and  2.2  K,  where  the  occupancy  is  varied 


Magnetic  field  (T) 


Fig.  4.  The  density  dependence  of  the  CR  at  16  T  and  2.2  K, 
covering  the  occupancy  range  ^  to 


38 


J.G.  Michels  et  al  /Surface  Science  305  (1994)  33-41 


from  ~  jq  to  ~  At  very  low  densities  two 
resonances  are  observed  with  the  higher-energy 
(lower-field)  spin(  +  )  resonance  as  the  most  in¬ 
tense  and  the  second,  weaker  resonance  at  ex¬ 
actly  the  field  expected  for  the  spin(-)  transition 
in  bulk  GaAs.  As  the  carrier  density  increases 
there  is  a  small  continuous  shift  in  resonance 
positions  due  to  the  normal  effect  of  band  non- 
parabolicity.  At  around  v  —  jq  (4  X  10 10  cm  2) 
there  is  a  rapid  change-over  in  intensity  between 
the  two  resonances  and  the  resonance  positions 
show  an  anomalous  decrease  in  splitting,  with  the 
minimum  corresponding  to  the  point  at  which 
both  intensities  are  equal. 

Our  dilution  refrigerator  experiments  demon¬ 
strate  the  continued  existence  of  this  critical  fill¬ 
ing  factor  to  temperatures  below  100  mK.  Data 
was  usually  taken  at  a  fixed  carrier  density,  con¬ 
trolled  by  the  level  of  continuous  illumination,  as 
a  function  of  increasing  temperature.  Fig.  5A-5C 
show  transmission  spectra  obtained  for  a  FIR 
wavelength  of  57  /xm  at  a  filling  factor  which  is 
just  above  f,  just  below  and  at  the  critical 
occupancy  of  These  traces  were  taken  in  the 
dilution  refrigerator  and  are  the  extension  of  Fig. 


3  to  lower  temperatures.  Analysis  of  the  peak 
intensities  indicates  that  the  total  carrier  density 
is  constant  and  independent  of  temperature  and 
magnetic  field. 

Very  little  temperature  dependence  is  seen  at 
T-  (Fig.  5A),  with  most  of  the  carriers  contained 
in  the  low-field  (spin(  +  ))  transition.  The  weak 
high-field  resonance  (indicated  by  an  arrow  in 
Fig.  5A)  is  probably  due  to  a  metastable  popula¬ 
tion  of  the  upper  spin  state,  a  consequence  of  the 
high  illumination  intensity  used  to  depopulate  the 
heterojunction  and  the  relatively  long  spin  relax¬ 
ation  time.  For  v  =  f  (Fig.  5C),  there  is  little 
visible  shift  in  resonance  position  for  the  single 
peak  as  the  temperature  is  lowered.  This  is  due 
only  to  our  high-temperature  limit  of  ~  600  mK 
which  fails  to  show  a  shift  that  principally  occurs 
from  500  mK  to  2  K. 

At  the  critical  occupancy  of  ^  (Fig.  5B),  a 
decrease  in  temperature  results  in  the  same 
merging  of  the  resonances  as  was  seen  for  a 
higher  range  of  temperatures,  and  at  ~  540  mK  a 
single  resonance  is  formed  at  the  mean  of  the 
predicted  spin(  + )  and  spin(  -  )  transitions.  A  fur¬ 
ther  reduction  in  temperature  sees  a  slight  shift 


Magnetic  field  (T) 

Fig.  5.  Experimental  traces  taken  for  a  FIR  wavelength  of  57  fim  and  a  filling  factor  which  is  (C)  just  above,  (A)  below,  and  (B)  at 
the  critical  occupancy  of 
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of  this  single  resonance  towards  lower  fields  but 
its  position  of  13.028  T  at  143  mK  is  still  much 
closer  to  the  mean  than  the  predicted  spin(  +  ) 
position  of  13.01  T.  This  is  more  clearly  shown  in 
Fig.  6,  a  composite  picture  of  the  resonance  posi¬ 
tions  as  a  function  of  temperature,  from  0.1 -1.5 
K,  for  a  range  of  carrier  concentrations  v  =  £--jy 
close  to  the  critical  occupancy.  The  range  of  the 
plot  (60  mT)  is  equal  to  the  single-particle  spin 
splitting,  and  demonstrates  that  the  splitting  is 
already  well  below  this  value  by  1  K,  and  that  the 
two  resonances  collapse  to  a  single  peak  at  tem¬ 
peratures  below  ~  540  mK.  At  540  mK  the  reso¬ 
nances  occur  at  almost  exactly  the  mean  of  the 
two  spin(-b)  and  spin(  — )  transitions  and,  as  pre¬ 
viously  mentioned,  there  is  a  small  shift  to  lower 
field  of  the  single  resonance  on  cooling  to  base 
temperature.  The  temperature,  540  mK,  at  which 
the  resonances  in  Fig.  6  collapse  together,  corre¬ 
sponds  to  a  temperature  of  approximately  1.5 
times  the  classical  Wigner  solid  melting  tempera¬ 
ture  for  these  densities. 

The  carrier-density  dependence  of  the  reso¬ 
nance  positions,  confirming  the  existence  of  a 
critical  occupancy,  is  shown  in  Fig.  7,  a  series 


Fig.  6.  A  composite  picture  of  the  resonance  positions  for  a 
range  of  carrier  concentrations,  close  to  the  critical  occupancy 


150  mK 


Magnetic  Field  (T) 


Fig.  7.  CR  traces  taken  at  150  mK.  The  resonance  position 
changes  as  a  function  of  density  showing  the  progression 
towards  complete  spin  polarisation  at  lower  carrier  densities. 


where  carrier  density  is  changed  at  a  constant 
temperature  of  ~  150  mK.  This  figure  serves  as 
the  low-temperature  analog  to  Fig.  4.  Starting  at 
densities  near  the  critical  filling  factor,  the  reso¬ 
nance  position  is  shown  near  the  mean  of  the 
predicted  spin(  +  )  and  spin(-)  positions.  The 
peak  position  then  shifts  systematically  downward 
in  field  with  decreasing  carrier  density,  finally 
reaching  the  limit  of  the  predicted  spin(  + )  tran¬ 
sition.  In  Fig.  8,  this  data  is  combined  with  previ¬ 
ous  3 He  results  at  360  mK  to  show  the  systematic 
trend  towards  spin  polarization  at  low  densities 
and  temperatures.  The  solid  lines  show  the  ex¬ 
pected  behavior  of  the  spin  states  due  to  band 
non-parabolicity. 


4.  Discussion  and  possible  phase  diagram 

Critical  in  any  discussion  of  these  results  is  the 
origin  of  the  CR  peaks  over  the  range  of  studied 
filling  factors.  The  experimental  data  suggest  very 
strongly  that  the  effects  we  have  observed  are 
related  to  spin.  We  therefore  interpret  CR  as  a 
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Fig.  8.  A  composite  picture  illustrating  the  shift  in  resonance 
position  with  carrier  concentration.  The  solid  lines  show  the 
calculated  shift  due  to  electron  non-parabolicity. 

probe  of  the  spin  composition  of  the  multi-elec¬ 
tron  ground  state. 

The  above  data  lead  us  to  offer  a  phase  dia¬ 
gram  shown  in  Fig.  9.  The  line  defining  the 
region  within  which  the  Wigner  crystal  may  exist 
has  been  drawn  in  accordance  with  previous  ex- 


Schematic  Phase  Diagram 


Fig.  9.  A  schematic  phase  diagram  of  the  2DES  in  the 
low-occupancy  region,  showing  the  expected  Wigner  solid 
regime,  the  FQHE  liquid,  the  regions  of  single-particle  be¬ 
haviour  and  the  interacting  doublet  region.  The  encircled 
symbols  indicate  the  possible  spin  configuration  of  the  system 
in  each  region. 


perimental  and  theoretical  studies.  Our  cyclotron 
resonance  measurements  are  not  obviously  sensi¬ 
tive  to  this  boundary.  However,  the  phase  dia¬ 
gram  includes  two  roughly  vertical  lines  at  v  ~  ^ 
and  \ ,  and  a  roughly  horizontal  line  at  T/Tc  =  1.5, 
which  are  delineated  by  the  present  experiment. 

For  filling  factors  less  than  two  CR  peaks 
are  seen  with  a  splitting  close  to  that  seen  in  bulk 
GaAs.  The  intensity  of  the  carriers  in  each  peak 
as  a  function  of  temperature  is  satisfactorily  ex¬ 
plained  by  single-particle  statistics  indicating  a 
gas-like  state.  The  low-temperature  and  low-oc¬ 
cupancy  region  is  characterized  by  almost  com¬ 
plete  spin  polarization  with  the  majority  of  the 
carriers  in  the  lower-energy  spin(  + )  state. 

We  label  occupancies  greater  than  v  =  ^  as  a 
liquid  state,  characterized  by  the  collapse  of  the 
two  resonances  into  a  single  peak  with  decreasing 
temperature.  The  existence  at  low  temperature  of 
a  single  peak,  lying  at  the  midpoint  of  the  pre¬ 
dicted  spin(  +  )  and  spin(  -  )  transitions,  indicates 
that  there  is  no  net  spin  contribution  to  the  CR. 
This  means  that  the  ground  state  has  S  =  0  or 
Sz  =  0,  or  even  has  the  spins  aligned  perpendicu¬ 
lar  to  the  field.  The  horizontal  line  at  T/Tc  =1.5 
shows  the  critical  temperature  of  this  liquid  phase: 
for  T/Tc  <  1.5  the  spins  behave  as  if  S  =  0, 
whereas  for  T/Tc  >  1.5  the  spins  are  not  exactly 
coupled,  but  the  interaction  continues  to  influ¬ 
ence  the  CR.  A  possible  suggestion  for  the  origin 
of  the  low-temperature  state  at  v  »  ^  has  been 
made  very  recently  by  Moulopoulos  and  Ashcroft 
[31].  These  authors  calculated  that,  in  the  ab¬ 
sence  of  Zeeman  splitting,  the  ground  state  of  the 
three-dimensional  Wigner  crystal  consists  of  an 
arrangement  of  S  =  0  spin-paired  electrons  which 
then  form  the  electron  crystal.  A  field-induced, 
non-zero  Zeeman  energy  acts  to  break  the  corre¬ 
lation  energy  that  favors  spin  pairing  and,  in  the 
limit  of  a  low-density  system,  results  in  complete 
spin  polarization. 

Our  second  vertical  line  at  v  ~  \  is  drawn  to 
divide  the  region  in  which  two  resonances  were 
observed  from  higher  occupancies  where  only  a 
single  resonance  was  seen.  The  v~\  phase 
boundary  is  less  significant  than  the  one  at  v  ~  ^ 
due  to  the  continuing  temperature  dependence  of 
the  single  resonance  up  to  v  This  suggests 
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Abstract 

Low-temperature,  time-resolved  magneto-photoluminescence  (TRPL)  measurements  of  2D  electron-free-va- 
lence-hole  recombination  have  been  carried  out  in  the  IQHE,  FQHE  and  magnetically  induced  electron  solid 
regimes  of  a  GaAs/AlGaAs  single  heterojunction.  Clear  differences,  not  present  at  elevated  temperatures,  are 
found  in  the  measured  PL  decay  time  ( -  1  ns)  for  components  of  multiple-peak  structure  observed  beyond  v  =  1/5 
used  previously  to  construct  a  phase  diagram  associated  with  the  Wigner  solid.  The  new  TRPL  results  and  earlier  PL 
data,  taken  together,  are  consistent  with  a  mechanism  in  which  the  spectral  feature  associated  with  crystallisation 
derives  from  the  trapping  of  excitons  within  a  few  Bohr  radii  (z  separation)  of  the  heterointerface  and  their 
subsequent  (*,  y)  localisation  by  the  presence  of  a  2D  electron  system  with  a  degree  of  spatial  order  at  this 
interface. 


1.  Introduction 

Recent  investigations  of  the  two-dimensional 
electron  system  (2DES)  formed  at  the  interface 
of  a  GaAs/AlGaAs  single  heterojunction  (SHJ) 
have  provided  strong  evidence  for  the  onset  of  an 
electron  solid  phase  (magnetically  induced  Wigner 
solid  (MIWS))  at  high  magnetic  fields  (Landau- 
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level  filling  factor  v  <  1/5)  and  low  tempera¬ 
tures.  While  the  high  quality  of  GaAs  het¬ 
erostructure  samples  now  available  is  such  that 
the  fundamental  many-electron  interactions  are 
not  dominated  by  disorder,  the  picture  that  has 
emerged  from  early  electrical  transport  [1],  ra¬ 
diofrequency  absorption  [2]  and  surface  acoustic 
wave  attenuation  studies  [3]  is  a  MIWS  phase 
broken  into  domains  (length  scale  - 1  ^m) 
pinned  by  host  disorder,  principally  low-level 
residual  impurities  (donors,  acceptors)  that  can 
be  situated  close  to  the  2DES  [4].  Evidence  from 
these  macroscopic  probes  points  to  the  onset  of  a 
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that  some  spin  interaction  is  still  taking  place. 
With  just  a  single  high-temperature  CR  for  v  > 
it  is  not  possible  to  be  more  specific  in  this 
filling-factor  regime. 

In  conclusion,  we  can  state  that  we  have  clear 
evidence  for  the  importance  of  both  spin  states  in 
determining  the  collective  states  of  the  2DES  at 
low  temperature  and  high  magnetic  field. 
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MIWS  boundary  in  the  (v,  T)  plane  that  occurs 
immediately  beyond  the  fractional  QHE  (FQHE) 
ground  state  at  v  =  1  /5,  in  agreement  with  re¬ 
cent  calculation  [5],  with  a  small  MIWS  region 
sandwiched  between  the  2/9  and  1/5  FQHE 
states. 

Due  to  the  absence  of  (ideal)  long-range  elec¬ 
tronic  order  in  real  samples,  an  understanding  of 
the  detailed  nature  of  the  MIWS  phase  requires 
a  local  experimental  probe  and  there  has  been 
intense  interest  recently  in  magneto-photo- 
luminescence  (PL)  experiments  [6].  The  PL  ex¬ 
periments  fall  into  two  categories:  recombination 
of  2D  electrons  with  free  holes  in  the  GaAs 
valence  band  (e-h)  in  standard  SHJ  and  quantum 
well  (QW)  samples  [7-10]  and,  in  specialised 
structures,  recombination  with  localised  holes 
bound  to  Be  acceptor  atoms  (e-A°)  [11-13]  pur¬ 
posely  grown  into  the  GaAs  in  a  5-doped  layer 
{nb  —  2x  1010  cm"2)  250  A  from  the  SHJ.  A 
theoretical  understanding  of  the  PL  data  is  at  an 
early  stage  and  until  recently  (see  below)  has 
been  restricted  to  the  FQHE  [14].  For  the  e-A° 
process,  two  PL  lines  are  observed  in  the  MIWS 
regime;  the  lower  energy  line  observed  for  v  < 
0.28  has  been  qualitatively  attributed  to  an  elec¬ 
tron  solid  phase  and  the  higher  energy  line  pre¬ 
sent  throughout  the  magnetic  field  range  studied 
to  a  coexisting  liquid  phase,  with  oscillator 
strength  transferring  to  the  lower  line  as  the 
temperature  is  reduced  [11].  Recent  e-A°  mea¬ 
surements  [13c]  have  shown  that  the  recombina¬ 
tion  time  for  the  lower  line  is  longer  than  for  the 
higher  energy  line.  This  difference  has  been  ex¬ 
ploited  to  derive  a  phase  diagram  for  Wigner 
crystallisation  and  to  additionally  distinguish  be¬ 
tween  glass-like  and  intrinsic  solid  phases  [13c], 
However,  in  a  theory  subsequently  developed  for 
PL  in  the  MIWS  phase  [15],  it  is  shown  that  when 
the  deformation  of  the  electron  lattice  by  the 
potential  of  the  hole  is  taken  into  account,  struc¬ 
ture  in  the  PL  spectrum  which  provides  direct 
confirmation  of  local  crystalline  order  is  lost  for 
the  e-A°  process.  In  contrast,  it  is  concluded  that 
e-h  recombination  offers  the  best  chance  to  ob¬ 
serve  intrinsic,  multiple-peak  structure  imposed 
by  the  electron  lattice  since  the  free  hole  has 
little  effect  on  the  crystal  structure. 


Our  previous  studies  identified  a  characteristic 
break-up  of  the  e-h  PL  spectrum  in  the  MIWS 
regime  [10]  that  exhibits  some  similarities  to  the 
calculated  finite- temperature  spectrum  [15].  We 
report  low-temperature,  time-resolved  magneto¬ 
photoluminescence  (TRPL)  measurements  of  the 
components  that  form  the  multiple  peak  e-h  PL 
spectrum,  which  potentially  carry  quantitative  in¬ 
formation  about  the  MIWS  phase,  and  compare 
these  to  TRPL  results  in  both  the  FQHE  and 
integer  QHE  (IQHE)  regimes  at  lower  magnetic 
field.  It  is  significant  that  all  measured  recombi¬ 
nation  times  in  our  TRPL  study  are  short  (~  1 
ns)  which  strongly  suggests  that  the  PL  results 
can  be  understood  entirely  in  an  excitonic  frame¬ 
work.  A  model  of  exciton  localisation  by  the 
onset  of  an  electron  lattice,  as  opposed  to  a 
model  of  coexisting  solid  and  liquid  phases,  is  put 
forward  that  provides  an  overall  explanation  for 
the  different  measured  decay  times  and  both  the 
origin  and  temperature  dependence  of  compo¬ 
nents  of  the  multiple-peak  (e-h)  PL  spectrum  in 
the  MIWS  regime. 


2.  Experimental 

TRPL  measurements  of  e-h  PL  were  per¬ 
formed  on  a  GaAs/AlGaAs  single-heterojunc¬ 
tion  sample  G648  ( ns  =  3.2  X  1010  cm-2,  /x  =  3  X 
106  cm2/V  •  s),  using  low  excitation  levels  (1-18 
^W  at  the  2.5  X  2.5  mm2  2D  layer)  from  a  mode- 
locked  Ti-sapphire  laser  (200  ps  pulses  at  180 
MHz).  PL  spectra  with  pulsed  illumination  were 
indistinguishable  from  those  obtained  with  CW 
illumination.  The  sample  was  mounted  in  the 
dilute  phase  of  a  dilution  refrigerator  at  field 
centre  of  a  15.5  T  superconducting  magnet. 
Transport  measurements  showed  sharp  QHE 
structure  out  to  v  =  1/5  [10].  Optical  fibres  car¬ 
ried  laser  light  to  the  sample  and  PL  was  col¬ 
lected  using  a  triple  spectrometer  and  a  micro- 
channel  plate  detector  (alternatively,  a  CCD  de¬ 
tector  could  be  selected  by  means  of  a  rotatable 
mirror).  Single-photon  counting  techniques  were 
employed  with  an  overall  time-resolution  of  70 
ps.  The  instrumental  response  was  monitored  be¬ 
fore  and  after  each  TRPL  measurement.  In  the 


44 


S.A.  Brown  et  al.  /Surface  Science  305  (1994)  42-49 


Fig.  1.  PL  spectra  for  e-h  recombination  at  70  mK  (full  lines) 
and  2.2  K  (dashed  lines);  energy  scale  refers  to  individual 
spectra.  IQHH  -  E0,  Ej  emission;  FQHE  -  doublet  A,B 
structure;  MIWS  -  triplet  A,S,B'  structure.  Insets:  (a)  S/B' 
intensity  plot  used  to  determine  the  electron  temperature  Te 
under  conditions  of  TRPL  measurements  [10].  (b)  (•)  -  Opti¬ 
cal  phase  boundary  for  MIWS  from  S/B'  intensity  ratio 
analysis  [10];  (■,  □)  -  e-A°  data  [13b,c]. 

extreme  quantum  limit  the  PL  spectra  are  com¬ 
prised  of  a  number  of  closely  spaced  components 
and  we  have  performed  TRPL  measurements  on 
both  the  spectrum  as  a  whole  and  the  individual 
peaks.  Measurement  of  decay  times  for  the  latter 
required  an  improvement  in  energy  resolution 
resulting  in  a  significant  loss  of  PL  intensity;  this 
necessitated  an  increase  in  the  excitation  inten¬ 
sity  to  obtain  TRPL  spectra  in  reasonable  data 
acquisition  times.  Well-characterised,  low-power 
(0.5  W)  PL  spectra  [10],  taken  using  the  CCD 
array,  were  used  to  monitor  the  electron  temper¬ 
ature  Te  (see  below  and  Fig.  1  inset  (a))  at  each 
magnetic  field  under  the  conditions  of  the  TRPL 
measurements. 


3.  Results 

An  overview  of  the  low-temperature  PL  spec¬ 
tra  for  sample  G648,  detailed  elsewhere  [10],  is 
shown  in  Fig.  1.  In  the  IQHE  regime,  e-h  PL 


spectra  comprise  two  lines,  E0  (many-body  exci- 
ton)  and  El  (exciton)  [7,10],  corresponding  to 
recombination  from  the  densely  populated  ground 
and  sparsely  populated  (photoexcited)  first-ex¬ 
cited  state  2D  electron  subbands,  respectively.  At 
v  =  1,  a  sharp  E0  intensity  minimum  and  transfer 
of  intensity  into  the  Ex  line  has  been  explained  by 
a  suppression  of  screening  [7-10].  In  the  FQHE 
regime,  a  new  line  labelled  B  is  resolved  interme¬ 
diate  in  energy  between  the  E0  line  (re-labelled 
A)  and  Ev  giving  rise  to  a  characteristic  A,B 
doublet  structure.  For  the  v  =  2/3  FQHE  hierar¬ 
chy,  E0  (A)  intensity  minima  are  observed  at 
y  =  2/3  and  3/5,  whilst  the  Ex  line,  which  ex¬ 
hibits  weak  maxima  at  these  FQHE  states,  falls  to 
low  intensity  for  v  <  1  and  is  barely  observable  at 
low  temperatures  beyond  v  ~  1/2.  In  the  v  =  1/3 
FQHE  hierarchy,  intensity  minima  are  observed 
in  the  A  line  together  with  maxima  in  the  B  line 
at  v  =  1/3,  2/5,  and  3/7.  The  reduced  ability  of 
electrons  in  incompressible  FQHE  states  to 
screen  the  potential  of  photoexcited  holes  is  cen¬ 
tral  to  this  signature  [7,10].  In  the  MIWS  region 
v  <  1  /5,  the  PL  structure  changes  from  an  A,B 
doublet  to  a  triplet  labelled  A,S,B'  with  evidence 
of  at  least  one  further  component  (A' )  within  this 
profile  together  with  an  additional  weak  peak 
resolved  at  lowest  v  split-off  to  lower  energy 
(arrowed  in  Fig.  3d  below).  The  A  component  of 
the  doublet  observed  in  the  FQHE  regime  ex¬ 
tends  on  smoothly  in  energy  from  the  low-field 
E0  line  [10].  No  discontinuities  or  splittings  in 
energy  are  observed  in  the  A  (or  B)  line  at  QHE 
states  for  sample  G648,  although  this  is  not  the 
case  for  all  samples  [7,9].  In  the  transition  to  the 
MIWS  region,  the  A  line  similarly  continues  on 
smoothly  in  energy,  but  the  B  line  gives  way  to 
the  emergent  S  peak  which  is  shifted  to  lower 
energy  by  ~  0.1  meV  and  to  the  B'  peak  ~  0.2 
meV  higher  in  energy. 

The  oscillator  strength  transfers  dramatically 
from  S  to  B'  upon  increasing  the  temperature, 
and  the  temperature  dependence  of  the  intensity 
ratio  S/B'  identifies  two  critical  temperatures, 
Tcl  and  Tc2,  shown  in  Fig.  1,  inset  (a)  for  12.5  T 
iy  ~  1/10).  The  lower-temperature  mapping 
Tcl(v)  is  shown  in  Fig.  1,  inset  (b),  where  the 
temperature  axis  is  in  units  of  the  2D  melting 
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temperature  for  the  classical  electron  solid  Tcm  = 
r~1e2 /(47ree0kBa)  with  j T  =  127  and  a  = 
(irns)~l/2  (Tcm  =  320  mK  for  sample  G648),  and 
correlates  with  the  electron  liquid-solid  transi¬ 
tion  established  by  other  techniques  [1-3],  This  is 
compared  with  the  MIWS  phase  boundary  estab¬ 
lished  from  e-A°  PL  data  [13b, c]  in  Fig.  1,  inset 
(b),  showing  reasonable  agreement,  including  a 
step  at  v  =  1/7  aligned  with  re-entrant  FQHE 
behaviour  in  e-A°  PL  at  this  filling  factor.  We 
make  use  of  the  S/B'  ratio  plots  for  each  field  to 
determine  the  electron  temperature,  Te,  in  the 
TRPL  experiments. 

TRPL  results  for  the  IQHE  regime  (v  =  1  at 
1.3  T)  are  shown  in  Fig.  2.  Selected  decay  curves 
for  the  E0  line  are  shown  in  Fig.  2a,  from  which 
measured  PL  decay  times  rm  (hole  lifetime)  are 
determined.  PL  spectra  at  1.0  and  1.3  T  (v  =  1) 
are  shown  in  Fig.  2b,  reflecting  the  sharp  inten¬ 
sity  minimum  in  E0  and  maximum  in  E*  that 
occurs  at  v  =  1.  In  a  common  hole  model,  the  E0 
radiative  recombination  time  is  given  by  rr  = 
rm//rei,  where  7rel  is  the  relative  intensity  of  the 
E0  emission  with  respect  to  the  total  intensity  for 
all  recombination  processes;  /rei~Jo/Aot>  where 
70  is  the  time-integrated  intensity  of  the  E0  line 


Time  V 

Fig.  2.  IQHE,  v  =  l:  (a)  normalised  TRPL  decay  curves  for  E0 
at  an  electron  temperature  close  to  the  refrigerator  bath 
temperature  Th  ~  100  mK.  Decay  curves  are  aligned  on  their 
leading  edges  for  presentation  purposes,  (b)  PL  spectra  under 
conditions  of  TRPL  measurements  that  show  E{  /E0  intensity 
ratio  enhanced  at  v  -  1.  (c)  (•)  -  PL  radiative  time  rr  derived 
from  measured  decay  time  and  E0,  E:  intensity  data;  (□,  O) 
-  similar  data,  normalised  at  v  =  1,  of  Ref.  [16],  for  SHJ  and 
QW  samples,  respectively. 


Time 


Fig.  3.  Normalised  and  aligned  TRPL  decay  curves  for  indi¬ 
vidual  components  (o)  -  A;  (•)  -  B',B;  (a)  -  S,  of  PL 
spectra  at  Th  ~  100  mK  (a)-(d)  and  Th  =  4.2  K  (e).  The  insets 
show  the  PL  spectra  under  the  illumination  conditions  of  the 
TRPL  experiment.  No  differences  are  observed  in  the  mea¬ 
sured  decay  times  rm  for  A  and  B  lines  at  v  =  1/3  (a).  In  the 
MIWS  regime  (b-d),  rm(B')  is  significantly  shorter  than  rm(A) 
=  rm(S).  At  elevated  temperature  (e),  Tm(B')  is  comparable  to 
rm(A). 


and  /tot  is  the  total  intensity,  estimated  by  the 
total  radiative  intensity  which  is  roughly  constant 
through  v  —  1  [16].  The  variation  in  the  low-tem¬ 
perature  E0  radiative  time  rr  around  v  =  1  is 
shown  in  Fig.  2c;  the  peak  in  rr  at  v  =  1  is 
quenched  at  4.2  K  as  expected  (not  shown).  Our 
low-temperature  TRPL  measurements  over  the 
range  v  =  0.7  to  1.3  are  in  excellent  agreement 
with  the  first,  comprehensive  TRPL  study  of  the 
v  =  1  IQHE  for  both  SHJ  and  QW  samples  [16]. 
The  five-fold  increase  in  rr  at  v  =  1  corroborates 
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the  view  [7-10,16]  that  the  optical  (intensity)  sig¬ 
nature  of  the  IQHE  is  due  to  a  reduction  in 
screening  of  photoexcited  holes  by  E0  electrons. 

TRPL  decay  curves  for  individual  components 
of  PL  spectra  in  the  FQHE  and  MIWS  regimes 
are  shown  in  Fig.  3.  These  measurements  are 
difficult,  requiring  both  high-resolution  and  low- 
excitation  power.  It  has  been  possible,  however, 
to  obtain  these  results  at  Te  ~  900  mK  which  is 
above  TclM  but  well  below  the  higher  tempera¬ 
ture  boundary  w  beyond  which  S  structure, 
the  low  temperature  intensity  saturation  of  which 
is  associated  with  the  solid  phase,  disappears  [10] 
(Fig.  1,  insets  (a)  and  (b)).  The  Fig.  3  insets  show 
the  PL  spectra  under  the  illumination  conditions 
of  the  TRPL  measurements  -  note  the  appear¬ 
ance  of  A'  structure  in  Figs.  3b  and  3c,  and  the 
development  of  a  weak  peak  at  low  v ,  split-off  to 
lower  energy,  arrowed  in  Fig.  3d  [10].  Low-tem¬ 
perature  TRPL  measurements  of  the  individual 
A  and  B  recombination  times  at  v  —  1/3  are 
essentially  identical  (rm(A)  =  rm(B)  ~  0.4  ns;  Fig. 
3a).  Decay  curves  for  the  dominant  A,S,B'  triplet 
PL  components  in  the  MIWS  regime  are  shown 
in  Figs.  3b-3d  for  v  —  0.13,  0.10  and  0.09,  respec¬ 
tively.  It  is  found  that  whereas  rm(A)  and  rm(S) 
are  comparable  throughout  the  low-^  region  at 
low  temperature  (~  1.1  ns  at  v  ~  1/10),  rm(B')  is 
shorter  than  rm(S)  by  a  factor  ~  2.  The  differ¬ 
ence  is  expected  to  be  sustained  and  possibly 
increased  to  lower  Te  (in  particular  Te  <  Tcl );  this 
follows  from  the  observation  that  at  elevated  tem¬ 
perature  (4.2  K),  where  S  structure  is  no  longer 
observed,  rm(B')  becomes  comparable  to  rm(A) 
(Fig.  3e).  The  magnitude  of  the  low-temperature 
measured  decay  times  (rm  <  1  ns),  which  are  short 
for  this  system,  is  also  important  (see  below).  In 
addition  to  the  clear  difference  in  decay  times  for 
emergent  S  and  B'  structure  observed  in  the 
MIWS  region,  at  lowest  v  (Figs.  3c  and  3d)  the 
rise  time  for  S  becomes  longer  than  for  B'  and 
develops  a  “flat-top”  profile. 

Whilst  TRPL  measurements  of  individual 
components  of  the  e-h  PL  spectra  in  the  MIWS 
(and  FQHE)  region  inevitably  perturb  the  elec¬ 
tron  temperature,  it  is  possible  to  obtain  data  for 
the  complete  PL  spectrum  at  electron  tempera¬ 
tures  below  Tcl  at  low  v.  Selected  TRPL  decay 


Fig.  4.  (a)  Normalised  and  aligned  TRPL  decay  curves  beyond 
4  T  (v  =  1  /3)  for  the  complete  E0  PL  spectrum,  at  Te  close  to 
Tb  ~  100  mK.  The  system  response  for  the  4  T  decay  curve  is 
also  shown,  (b)  Plot  of  rm  for  the  complete  E0  spectrum 
against  field,  at  Tb  =  4.2  K.  (c)  PL  at  11  T  under  illumination 
conditions  of  low-power  TRPL  experiment  (Te  <  Tcl  defined 
in  Fig.  1  -  see  text),  (d)  Plot  of  rm  against  field,  at  Tb  *  100 
mK;  (•)  -  complete  E0  spectra,  ( □ )  -  individual  components 
of  the  multiple-peak  e-h  spectra. 

curves  for  the  latter  are  shown  in  Fig.  4a,  at 
T&  <  Tcl  (we  can  only  define  an  upper  bound  for 
T  since  the  thermometry  provided  by  plots  as  in 
Fig.  1,  inset  (b)  saturates  by  definition  at  Tcll 
Also  shown  in  Fig.  4a  (dashed  line)  is  the  overall 
measurement  system  response  obtained  from  re¬ 
flection  of  the  laser  pulse.  Measured  decay  times 
rm  for  the  complete  spectrum  (excluding  Ex  emis¬ 
sion  at  low  field)  are  plotted  in  Fig.  4d  (•)  to¬ 
gether  with  rm  values  for  the  individual  compo¬ 
nents  of  the  PL  spectra  from  Fig.  3  (□).  The 
former  (•)  show  a  steady  increase  for  v  <  1  with 
the  onset  of  significant  change  beyond  ^  =  1/3, 
from  rm~0.4  ns  to  rm  ~1.3  ns  at  ^=1/10. 
There  is  no  obvious  deviation  from  this  overall 
trend  at  FQHE  states  in  the  v  =  1  /3  hierarchy, 
although  there  may  be  a  small  increase  in  rm  at 
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v  =  2/3.  Setting  aside  the  short  B'  decay  times 
(see  below),  we  note  that  the  A,S  component 
decay  times  in  the  FQHE  and  MIWS  regimes 
taken  under  conditions  of  increased  power  are 
similar  to  the  complete  spectra  data  taken  with 
low  power.  This  indicates  that  the  increased  elec¬ 
tron  temperature  in  the  individual-component 
measurements  does  not  significantly  affect  rm.  A 
PL  spectrum  at  11  T  (y  =  0.13)  under  conditions 
of  the  low-power  TRPL  measurements  is  shown 
in  Fig.  4c.  The  entire  set  of  measurements  for  the 
complete  PL  spectrum  was  repeated  at  4.2  K, 
where  decay  times  are  ~  1  ns  longer.  The  results 
are  plotted  in  Fig.  4b  showing  a  roughly  linear 
increase  in  rm  with  magnetic  field  for  v<  1.  A 
detailed  comparison  of  Fig.  4b  with  the  low-tem¬ 
perature  rm  data  in  Fig.  4d  suggests  an  increased 
slope  beyond  v  «  1/5  that  is  absent  at  4.2  K.  This 
observation  is  amplified  by  plots  (not  shown)  of 
the  relative  increase  in  rm  (normalised  to  its 
zero-field  value)  with  field  which  identify  a  two¬ 
fold  enhancement  in  the  slope  of  the  low-temper¬ 
ature  data  for  v  <  1  /5  when  compared  to  the  4.2 
K  data.  This  feature,  partly  masked  by  the  overall 
field-dependence,  is  possibly  associated  with  the 
MIWS  phase. 


4.  Discussion 

A  general  observation  from  the  Fig.  4d  plot  is 
that  the  short,  measured  decay  times  ( <  1  ns)  are 
comparable  with  those  for  recombination  at  low 
temperature  of  quasi-2D  excitons  in  QWs,  modu¬ 
lation-doped  QWs  and  double  heterostructures; 
see,  for  example,  Ref.  [17]  (QW  situation).  Calcu¬ 
lations  by  Balslev  [18]  for  SHJ  structures  show 
that  photoexcitation  at  low  temperatures  is  rapidly 
converted  into  mobile  excitons  that  diffuse  or 
drift  quickly  to  the  high  electric  field  region  and 
form  stable  states  a  few  exciton  Bohr  radii  from 
the  heterojunction,  so-called  2D  “interface  exci¬ 
tons”;  in  brief,  an  exciton  created  in  the  bulk  will 
become  trapped  at  the  interface.  Taken  together 
with  the  previous  model  of  PL  in  the  IQHE  and 
FQHE  regimes,  in  particular  our  understanding 
of  the  E0  line  as  a  many-body  exciton  and  the  Ex 
line  as  an  exciton  [7,10]  (involving  electrons  in  the 


2DES),  there  is  compelling  evidence  to  view  the 
details  of  the  PL  [10]  summarised  in  Fig.  1  and 
the  TRPL  data  assembled  in  Fig.  4d  completely 
within  an  excitonic  framework. 

We  put  forward  the  following  interpretation: 
the  A  (E0)  line  is  a  many-body  exciton,  as  before 
[7,10],  corresponding  to  recombination  of  pho- 
toexcited  valence-band  holes  with  2D  electrons  in 
the  densely  occupied  E0  subband.  Its  intensity 
mirrors  the  correlation  of  electrons  in  the  vicinity 
of  the  hole,  principally  evidenced  by  the  observa¬ 
tion  of  sharp  minima  at  IQHE,  FQHE  states;  on 
entering  the  MIWS  region  there  is  no  abrupt 
intensity  signature,  but  rather  a  general  fall-off  in 
PL  intensity  at  low  v  [7,10].  The  absence  of  PL 
energy  anomalies  in  sample  G648  [10]  at  QHE 
states  and  on  transition  to  the  MIWS  region 
could  well  be  explained  by  the  close  proximity  (in 
z)  of  electron  and  hole  planes  in  this  structure 
[14b];  energy  anomalies  have  been  observed  in 
other  samples  [7-9],  at  v  —  1  and  2/3.  It  seems 
plausible  that  excitons  created  in  the  bulk  that 
have  diffused  to  the  interface  region  could  retain 
the  character  of  a  single-electron  exciton  in  their 
recombination.  We  attribute  the  B  line  to  an 
exciton  bound  (in  z)  at  the  interface  that  does 
not  directly  involve  electrons  in  the  correlated 
2DES.  B  intensity  exhibits  maxima  at  FQHE 
states  as  an  indirect  effect  of  the  reduction  of  A 
emission.  In  this  sense  it  is  an  analogue  of  the  Ex 
exciton  [7],  with  the  distinction  that  El  emission 
observed  at  low  field  involves  recombination  of 
2D  electrons  photoexcited  into  the  E1  subband. 
The  view  of  B  as  a  lightly-bound  interface  exciton 
of  the  type  described  by  Balslev  [18],  and  of  a 
different  character  to  A,  is  reinforced  by  the 
temperature  dependence  over  the  entire  FQHE 
region  [10];  B  is  significantly  weaker  than  A  at  2.2 
K,  whereas  at  70  mK  they  are  comparable  (Fig. 
1).  The  slope  of  the  (roughly  parallel)  A  and  B 
energy  trajectories  (shift  rate  of  transitions)  is 
found  to  increase  with  magnetic  field  [10],  an 
observation  also  reported  for  (bulk)  magnetoexci- 
tons,  which  supports  our  interpretation.  The  con¬ 
tinuous  increase  in  the  measured  decay  time  rm 
for  the  complete  PL  spectrum  throughout  the 
high-field  region  v  <  1/3  in  Fig.  4d  indicates  that 
the  luminescence  retains  its  essential  excitonic 
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character  at  high  field.  A  similar  increase,  ob¬ 
served  in  S-doped  structures  [13c],  has  been  at¬ 
tributed  to  reduced  magnetic  length  but  it  is  not 
clear  that  this  is  valid  for  e-h  PL. 

Whilst  the  A  line  continues  smoothly  on  enter¬ 
ing  the  MIWS  region,  the  B  line  is  replaced  by 
emergent  S  and  B'  structure  [10].  There  are  two 
possibilities  for  the  effect  of  the  formation  of  a 
MIWS  phase  on  B  emission  -  the  B  exciton 
becomes  localised  in  some  way  by  the  Wigner 
lattice  at,  say,  an  interstitial  position  or  by  forma¬ 
tion  of  a  Bloch  state,  resulting  in  the  observed  S 
line  to  slightly  lower  energy,  or  it  remains  unlo¬ 
calised  but  nevertheless  influenced  by  the  changed 
electronic  background  conditions  at  low  v ,  result¬ 
ing  in  the  B'  line  to  higher  energy.  Two  principal 
experimental  observations  are  consistent  with  this 
model.  Firstly,  the  transfer  of  intensity  from  S  to 
B'  on  increasing  the  temperature,  at  a  threshold 
temperature  Tcl  which  correlates  with  the 
liquid-solid  transition,  [10]  (Fig.  1,  inset  (a))  is 
then  explained  by  delocalisation  of  the  S  exciton, 
resulting  from  melting  of  the  electron  lattice. 
Secondly,  the  measured  decay  time  rm  for  the  B' 
line  is  significantly  shorter  than  for  S  (Figs.  3b-3d 
and  4d).  From  our  picture  it  is  clear  that  at  low 
temperature,  in  addition  to  S,  B'  radiative  chan¬ 
nels,  there  should  be  a  non-radiative  channel 
from  B'  to  S  corresponding  to  the  likelihood  of  a 
delocalised  exciton  (B')>  becoming  localised  (S) 
by  spatial  electronic  order.  This  has  the  effect 
that  in  the  radiative  emission  of  A,S,B'  in  the 
MIWS  region,  which  would  otherwise  be  ex¬ 
pected  to  be  similar  (as  for  A,B  at  v  =  1/3  in  a 
common  hole  model  (Figs.  3a  and  4d)),  the  mea¬ 
sured  decay  time  of  B'  will  be  shorter.  We  have 
performed  simple  model  calculations  of  this 
scheme  which  generate  decay  curves  remarkably 
similar  to  the  Fig.  3  data,  even  with  respect  to 
details  such  as  the  longer  rise  time  and  flat-topped 
character  of  the  S  curve,  which  results  from  the 
non-radiative  channel  B'  to  S. 

Finally,  we  note  that  the  temperature-depen¬ 
dent  transfer  of  intensity  between  the  S  and  B' 
lines  and  the  different  measured  decay  times  of  S 
and  B'  have  strong  similarities  to  the  behaviour 
of  the  two  PL  lines  observed  in  e-A°  emission  in 
the  MIWS  phase  [11-13].  Whilst  it  is  not  obvious 


that  the  localised  exciton  mechanism  put  forward 
above  can  be  carried  across  to  the  very  different 
<5-doped  structures,  our  model  is  consistent  with 
the  array  of  e-h  PL  and  TRPL  data  summarised 
in  Figs.  1  and  4,  respectively. 
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Abstract 

Photoluminescence  (PL)  spectra  from  excitons  in  the  2D  electron  layer  in  GaAs  shows  anomalous  behavior  that 
reflects  the  intrinsic  properties  of  the  strongly  interacting  2D  electron  system.  In  the  regime  of  the  fractional 
quantum  Hall  effect  an  additional  spectral  peak  is  observed  for  Landau  filling  factor  v  <  1/2.  At  v  =  1/3  a  dramatic 
transfer  of  intensity  between  the  peaks  is  observed  which  is  coincident  with  a  sharp  increase  in  the  PL  decay  times. 
This  effect  is  influenced  by  changes  in  electron-hole  overlap  as  a  result  of  changes  in  the  polarizability  of  the 
Laughlin  fluid/electron  gas.  In  the  extreme  quantum  limit  v  <  1/4,  the  PL  decay  time  for  the  higher-energy  peak 
decreases  while  the  lower-energy  peak  decay  time  increases. 


1.  Introduction 

Recent  optical  experiments  on  low-defect  2D 
electron  systems  in  high  magnetic  fields  have 
provided  information  about  the  intrinsic  proper¬ 
ties  of  the  complex  interaction  of  electrons  in  two 
dimensions  [1-6].  Photoluminescence  (PL)  stud¬ 
ies  of  itinerant  electron-hole  (exciton)  recombi¬ 
nation  revealed  striking  spectral  signatures  corre¬ 
sponding  to  Shubnikov-de  Haas  oscillations  [1], 
and  the  integer  and  fractional  quantum  Hall  ef¬ 
fects  (QHE)  [2-5].  Interesting  phenomena  have 
also  been  observed  in  PL  from  localized  carriers 
[6].  Subsequently  there  have  been  a  number  of 
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theoretical  investigations  of  optical  spectra  in  the 
IQHE  [7-8]  and  FQHE  [9-12]  regimes. 

One  of  the  general  features  of  the  exciton  PL 
is  the  emergence  of  higher-energy  peaks  in  the 
extreme  quantum  limit  v  <  1.  This  was  first  ob¬ 
served  in  a  2D  system  of  moderate  mobility  jjl  ~  2 
X  105  cm2/V  •  s,  in  which  the  peaks  were  split  by 
nearly  1  meV  [3].  In  previous  optical  studies, 
spectral  blue  shifts  and  intensity  variations  were 
found  at  both  integer  and  fractional  Landau  fill¬ 
ing  factors  [3-5].  Now,  sample  quality  has  im¬ 
proved  considerably  (fi>2X  106  cm2/V  •  s)  and 
the  resulting  narrow  PL  linewidths  ( ~  0.2  me V) 
permit  us  to  clearly  resolve  the  optical  anomalies. 
In  these  new  materials  we  have  conclusively  es¬ 
tablished  that  the  spectral  energy  shifts  of  each 
component  are  rather  small  (<0.1  meV),  but 
there  are  large  transfers  of  spectral  intensity  from 
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the  lower-energy  peak  to  the  upper  peak,  in 
correspondence  with  the  QHE. 

The  first  time-resolved  PL  measurements  of 
the  QHE  established  that  the  intensity  transfer  at 
v  =  1  resulted  from  an  increase  in  the  radiative 
lifetime  of  the  ground  state  [13].  There,  we  sug¬ 
gested  that  the  electron-hole  overlap  decreases 
when  the  2D  electron  sheet  becomes  insulating  at 
v  —  1,  which  is  influenced  by  the  reduced  image 
charge  attraction  of  the  hole  to  the  2D  electron 
sheet.  In  the  present  study  we  examine  the  time 
evolution  of  PL  in  the  regime  of  the  FQHE  near 
v  =  1/3  and  beyond. 


2.  Experiment 

Time-resolved  PL  measurements  were  made 
on  a  25  nm  wide  GaAs/(Al,Ga)As  single  quan¬ 
tum  well  that  was  single-side  doped  with  elec¬ 
trons.  The  electron  density  /?  =  0.81  X  10 11  cm"2 
was  found  to  be  the  same  at  5  =  0,  v  =  1  and 
v  =  1  /3,  as  determined  from  the  optically  mea¬ 
sured  Fermi  energy  and  spectral  intensity  trans¬ 
fers.  This  is  in  contrast  to  most  single  interfaces 
and  wide  ( >  40  nm)  quantum  wells  which  show 
electron  depletion  due  to  optical  pumping  [14].  A 
single  optical  fiber  was  used  to  access  the  5  =  19 
T  magnet  and  3He  cryostat  [2].  The  spectral  reso¬ 
lution  was  limited  to  0.3  meV,  although  smaller 
resolutions  were  able  to  reveal  fine  structure  in 
the  major  spectral  peaks,  which  we  ignored  here. 
The  PL  time  response  was  measured  using  a 
pulsed  0.78  jjim  laser  diode,  side-on  GaAs  photo¬ 
multiplier,  and  time-correlated  single-photon 
counting  technique.  For  this  publication,  only  the 
decay  time  rD  is  presented,  which  was  deter¬ 
mined  from  fits  to  the  exponential  PL  tail  at  long 
times,  but  with  the  response  function  subtracted. 


3.  Time-averaged  results 

Before  discussing  the  time  response  of  the  PL 
we  present  the  time-averaged  PL  results.  Fig.  1 
shows  selected  time-averaged  spectra  at  various 
magnetic  fields  5.  Notice  the  additional  peak 
emerging  from  the  high-energy  side  of  the  main 


Photon  Energy  (meV) 

Fig.  1.  Time-averaged  photoluminescence  spectra  from  exci- 
tons  in  a  2D  electron  system  for  various  magnetic  fields. 
Spectral  resolution  =  0.3  meV. 

PL  peak  above  5  =  7  T  (v  <  1  /2),  and  a  third 
higher-energy  peak  above  5  =  15  T  (v  <  1  /5). 
These  three  major  peaks  are  labeled  A,  B  and  C, 
for  increasing  energies,  respectively.  Closer  exam¬ 
ination  of  these  peaks  revealed  fine  structure, 
which  is  not  of  interest  here. 

3.1.  Energies 

Fig.  2  shows  the  energies  E^B)  of  the  PL 
spectral  peaks.  First  we  note  that  near  v  =  1/3 
the  peak  separation  is  EB  —  EA  ~  0.6  meV.  Al¬ 
though  the  separation  is  similar  to  the  FQHE 
quasiparticle-quasihole  gap  energy  of  A  «  1  meV, 
it  does  not  scale  as  the  magnetic  energy  (51/2) 
and  is  present  over  a  very  wide  field  range.  There 
are,  however,  subtle  changes  in  the  separation. 
Above  5  =  9  T,  EA  is  extremely  linear  with  mag¬ 
netic  field,  to  within  ±  0.05  meV.  In  EB  there  is  a 
small  blue-shift  cusp  of  0.1  meV  at  ^=1/3, 
which  is  displayed  in  the  inset.  This  deviation  is 
an  order  of  magnitude  smaller  than  A.  The  the¬ 
ory  of  Ref.  [9]  predicts  magneto-roton  satellites 
separated  by  approximately  A;  Ref.  [11]  predicts 
that  for  v  >  1/3  a  second  peak  should  appear 
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Fig.  2.  Energies  of  spectral  peaks  in  the  photoluminescence  of 
a  2D  electron  system  as  a  function  of  magnetic  field.  The 
inset  shows  energy  difference  of  A  and  B  peaks. 


Fig.  3.  Time-averaged  photoluminescence  intensity  of  A-,  B-, 
and  C-peaks  versus  magnetic  field  for  a  2D  electron  system. 
The  total  intensity  data  was  integrated  over  the  whole  spectral 
peak  range. 


which  is  higher  in  energy  by  A ;  and  Ref.  [12] 
predicts  a  cusp  in  the  energy  at  v—  1/3.  In  the 
two  latter  models  the  magnitude  of  the  effect 
should  go  to  zero  for  complete  electron-hole 
z-overlap.  Our  sample  has  a  moderate  overlap, 
but  we  will  not  quantify  it  in  this  paper. 

3.2.  Intensities 

Fig.  3  shows  the  peak  intensities  It.  In  the  top 
curve  we  see  that  the  total  integrated  PL  intensity 
of  all  the  peaks  is  constant  up  to  B  —  11  T 
(v  >  0.30);  in  this  region  there  is  a  simple  transfer 
of  intensity  between  IA  and  IB.  Second,  we  ob¬ 
serve  a  dramatic  maximum  in  /B  at  v  =  1/3.  The 
transfer  of  intensity  from  the  lower-  to  higher-en¬ 
ergy  peaks  is  directly  related  to  the  PL  time 
response  described  below.  At  higher  fields  B  >  11 
T  the  total  intensity  decreases. 

4.  Time-resolved  results 

4.1.  FQHE  regime  1  /  2  >  v  >  1  /  4 

The  inset  of  Fig.  4  shows  raw  data  for  the  PL 
time  response  of  the  A-peak  at  various  magnetic 
fields,  along  with  the  time  response  of  the  mea¬ 
suring  system.  In  general,  as  the  magnetic  field 
increases,  the  PL(0  data  develops  a  longer  tail. 
The  derived  PL  decay  times  rD(Z?)  are  displayed 
in  the  main  part  of  Fig.  4,  where  the  A-peak  data 
are  represented  by  the  solid  curve  and  the  B-peak 
by  the  dotted  curve.  There  are  sharp  maxima  in 
t D  at  ^  =  1/3  for  both  peaks.  The  large  td 
maximum  in  the  A-peak  coincides  with  a  mini¬ 
mum  in  intensity.  A  similar  lengthening  of  decay 
time  at  an  intensity  minimum  was  also  found  in 
measurements  at  v  =  1  [13].  If  we  assume  a  sim¬ 
ple  two-level  model  then  the  radiative  lifetime  rR 
~  td//,  so  the  rapid  drop  of  intensity  enhances 
the  increase  in  the  radiative  lifetime.  From  the 
data  we  find  that  rR  for  the  A-peak  grows  by 
almost  10  X  as  the  v  =  1  /3  FQHE  is  entered. 

4.2.  Electron  solid  regime  v  <1  / 4 

For  magnetic  fields  up  to  B  =  13  T,  Fig.  4 
shows  that  the  decay  times  for  the  two  PL  peaks 
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v=1/2  1/3  1/4  1/5 


Fig.  4.  Photoluminescence  decay  times  of  the  A-peak  (solid 
curve)  and  B-peak  (dashed  curve)  for  a  2D  electron  system 
versus  magnetic  field.  The  inset  shows  the  A-peak  PL  inten¬ 
sity  versus  time  for  B  =  10,  13,  and  19  T;  the  dashed  curve  is 
the  system  response. 


are  nearly  equal.  However,  above  B  =  13  T  the 
decay  time  for  the  5-peak  rD  goes  to  nearly  zero 
(resolution  limited).  This  large  difference  in  rD  is 
accompanied  by  a  relatively  large  change  in  the 
energy  separation  of  the  peaks.  (Since  the  charac¬ 
ter  of  the  B-peak  changes  considerably  at  B  =  13 
T  we  cannot  exclude  the  possibility  that  there  are 
actually  two  different  B-peaks  above  and  below 
B  =  13  T.)  It  is  remarkable  that  although  the 
decay  times  at  B  =  19  T  are  orders  of  magnitude 
different  their  intensities  are  nearly  equal.  Fi¬ 
nally,  at  higher  temperatures  there  is  a  decrease 
in  rD  for  the  A-peak. 


5.  Discussion 

The  present  photoluminescence  study  of  the 
FQHE  regime  reveals  a  number  of  results. 

(a)  Addition  spectral  peaks  emerge  at  higher  en¬ 
ergies  for  v  <  1  /2  (B-peak),  and  v  <  1/5  (C- 


peak),  having  a  splitting  of  ~  0.6  meV  at 
v  ~  1/3,  and  1  meV  at  v  —  1/5. 

(b)  Near  v  —  1/3  the  A-peak  energy  is  smoothly 
varying  with  v ,  but  the  B-peak  energy  in¬ 
creases  by  0.1  meV  precisely  at  v  =  1/3. 

(c)  At  v  =  1  /3  the  PL  intensity  is  dramatically 
transferred  from  the  A-peak  to  the  B-peak. 

(d)  For  v  >  1/3  the  total  PL  intensity  is  indepen¬ 
dent  of  v ,  but  decreases  significantly  for 
smaller  v. 

(e)  At  v  =  1/3  both  PL  peaks  show  a  significant 
increase  in  their  decay  times. 

(f)  At  v  <  1  /3  the  PL  decay  times  continue  to 
increase  for  increasing  field,  however,  above 
B  =  13  T  the  decay  time  for  the  B-peak  is 
nearly  zero;  at  B  =  19  T  they  differ  by  several 
orders  of  magnitude. 

One  of  the  open  questions  here  is  what  mech¬ 
anism  gives  rise  to  the  higher-energy  spectral 
peaks  found  at  small  filling  factors.  The  addi¬ 
tional  spectral  peak  has  been  found  in  almost  all 
PL  studies  of  itinerant  electron-hole  recombina¬ 
tion  in  high-mobility  GaAs  structures  [2-5].  We 
find  that  the  energy  separation  does  not  scale 
simply  as  the  magnetic  energy  e2/elc,  where  lc  ~ 
B~ 1/2  is  the  magnetic  length  (cyclotron  radius).  It 
is  likely  that  these  peaks  arise  from  the  complex 
many-body  response  of  the  2D  electron  system  to 
the  valence  band  hole. 

From  these  time-resolved  PL  measurements  it 
is  clear  that  at  v  =  1/3  the  transfer  of  spectral 
intensity  between  the  PL  peaks  is  due  to  the 
changing  dynamics  of  the  electron-hole  system. 
The  radiative  lifetime  is  related  to  the  carrier 
wavefunctions  through  the  electron-hole  overlap. 
Both  the  in-plane  (xy)  and  perpendicular  (z) 
overlap  of  the  wavefunctions  may  be  important 
[13].  In  particular,  it  may  be  the  difference  of  the 
polarizability  between  the  2D  electron  gas  and 
the  Laughlin  fluid  that  affects  the  overlap  of  the 
electron  wavefunction  and  the  hole.  One  should 
keep  in  mind  that  the  itinerant  hole  resides  in  a 
complex  self-consistent  potential  generated  by  it¬ 
self  and  the  2D  electron  system.  The  z-compo- 
nent  of  the  hole  wavefunction  and  its  overlap 
with  the  electron  system  is  sensitive  to  this  poten¬ 
tial.  For  example,  the  hole  is  likely  to  move  away 
from  the  electron  layer  when  the  polarizability  of 
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the  electron  system  becomes  reduced.  Likewise, 
the  xy-plane  electron-hole  overlap  may  change 
when  the  electron  system  is  in  an  insulating  state. 
This  could  be  important  in  the  extreme  quantum 
limit  where  the  electron  solid  is  expected.  Experi¬ 
ments  are  in  progress  at  lower  temperatures  to 
explore  this  regime. 
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Abstract 

The  kinetics  of  radiative  recombination  of  2D-electrons  with  free  holes  and  with  holes  bound  to  acceptors  were 
studied  for  the  first  time  in  the  regime  of  the  FQHE  and  of  the  Wigner  solid.  We  found  that  in  the  extreme  quantum 
limit  the  recombination  rates  for  both  recombination  processes  became  extremely  slow  due  to  localization  effects. 


1.  Introduction 

Magnetoluminescence  is  known  to  be  a  very 
effective  tool  to  study  the  properties  of  20-elec¬ 
trons  in  the  regime  of  the  fractional  quantum 
Hall  effect  (FQHE)  and  of  the  Wigner  solid 
[1-6].  There  are  two  different  experimental  possi¬ 
bilities  for  investigation  of  the  radiative  recombi¬ 
nation  of  2D-electrons  with  photoexcited  holes. 
One  possibility  is  the  recombination  of  electrons 
with  holes  bound  to  acceptors  [2,7],  and  another 
in  recombination  with  free  holes  [4-6].  It  was 
established  both  theoretically  [8,9]  and  experi¬ 
mentally  [10,11]  that  in  the  case  of  recombination 
with  free  holes  (located  in  the  same  2D-plane 
as  electrons)  there  is  no  contribution  from  elec¬ 
tron-electron  interaction  to  the  energy  position 
of  luminescence  lines  (the  FQHE  appears  only  in 
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intensity  dependence  on  filling  factor  due  to 
screening  effects),  whereas  in  the  case  of  holes 
bound  to  remote  acceptors,  the  spectral  position 
of  the  recombination  line  reflects  the  dependence 
of  the  mean  energy  of  interacting  electrons  on 
filling  factor.  Therefore,  the  investigation  of  ra¬ 
diative  recombination  of  2D-electrons  with  holes 
bound  to  acceptors  located  far  away  from  the 
interface  is  a  direct  method  to  study  the  ground 
state  of  the  system  of  interacting  2D-electrons  in 
the  extreme  quantum  limit. 


2.  Experiment 

We  studied  high  quality  GaAs/AlGaAs  single 
heterojunctions  with  a  2000  nm  GaAs  buffer  layer 
in  which  a  monolayer  of  acceptors  (with  concen¬ 
tration  5  X  109  cm-2)  was  created  at  a  distance 
of  Z  =  30-50  nm  away  from  the  interface.  It  was 
possible  to  change  the  concentration  of  2D-elec- 
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trons  by  illumination  power  in  the  range  of  (0.3- 
4)  X  1011  cm-2.  The  transport  mobility  of  elec¬ 
trons  at  the  lowest  concentration  was  2  X  106 
cm2/V  •  s.  For  photoexcitation  we  used  pulses  of 
an  Ar Maser  with  a  duration  of  20  ns,  peak 
powers  of  10“5-10~3  W/cm2  and  frequencies  of 
1-0.01  mHz  [11].  Luminescence  was  detected  by 
a  gated  photon  counting  system.  The  time  resolu¬ 
tion  of  the  system  was  about  30  ns  and  the 
spectral  resolution  was  0.01  meV.  We  estimated 
the  overheating  of  2D-electrons  due  to  illumina¬ 
tion  from  the  width  of  magnetoresistance  peaks 
in  the  Shubnikov-de  Haas  oscillations  [12]  and 
found  that  under  continuous  illumination  with 
the  above  mentioned  power  level  it  does  not 
exceed  20  mK  at  the  bath  temperature  of  30  mK. 
Other  experimental  details  can  be  found  in  Refs. 
[10,12]. 

3.  Time-resolved  magnetoluminescence  and  the 
hierarchy  of  the  FQHE  states 

It  follows  from  theory  [8]  that  the  exact  corre¬ 
spondence  between  spectral  position  of  the  lumi¬ 
nescence  line  and  the  mean  energy  of  2D-elec- 
trons  does  exist  for  the  case  when  the  acceptor  is 
located  at  an  infinite  distance  from  the  2D-chan- 
nel.  However,  in  real  situations  we  deal  with 
finite  distances  and  therefore  it  is  important  that 
the  corrections  to  this  simple  expression  are  small 
enough.  These  corrections  are  defined  by  the 
third  power  of  the  ratio  lh/d  (d  is  the  distance  to 
the  acceptor,  and  /h  is  the  magnetic  length)  and 
therefore,  to  fulfill  the  theory  requirement  for 
magnetic  fields  in  the  range  of  5-20  T  one  has  to 
have  d  about  50  nm.  However,  an  increase  of  the 
distance  between  2D-electrons  and  the  acceptors’ 
monolayer  results  in  an  exponential  increase  of 
the  recombination  time  [13]  and  hence  in  an 
exponential  reduction  of  the  intensity  of  the  cor¬ 
responding  luminescence  signal.  The  conse¬ 
quence  of  this  problem  in  CW-measurements  is 
an  appearance  of  the  bulk  signal  (donor-acceptor 
recombination)  with  an  intensity  comparable  to 
the  2D-luminescence.  The  application  of  the 
time-resolved  technique  allowed  us  to  solve  this 
problem  and  it  also  results  in  a  much  better 


resolution  of  the  Landau  levels  in  the  lumines¬ 
cence  spectra  (individual  Landau  levels  became 
visible  starting  from  H  —  0.4  T).  To  analyze  the 
dependence  of  the  spectral  position  of  the  lumi¬ 
nescence  line  as  a  function  of  filling  factor,  we 
numerically  calculate  the  normalized  first  mo¬ 
ment  -  Mx  (center  of  gravity)  of  the  line  [10]. 
This  procedure  allows  us  to  observe  a  very  large 
number  of  different  FQHE  states:  4/5,  5/7,  2/3, 
3/5,  4/7  5/9,  4/9,  3/7,  2/5,  1/3,  2/7,  3/11, 
2/9,  1/5,  2/11,  and  to  study  the  hierarchy  of  the 
FQHE  states  in  detail  [14]. 

4.  Kinetics  of  luminescence  in  the  regime  of  the 
Wigner  solid 

According  to  our  previous  observation,  in  the 
regime  of  very  small  filling  factors,  v  <  1  /4,  where 
the  Wigner  crystal  is  expected  to  form  the  ground 
state  of  the  electronic  system,  two  phenomena 
are  observed  in  the  luminescence  spectra  -  an 
appearance  of  an  additional  luminescence  line 
accompanied  by  a  strong  reduction  of  the  inte¬ 
grated  luminescence  intensity  [3],  Our  proposed 
explanation  was  based  on  the  localization  of  both 
electrons  (in  the  pinned  Wigner  solid)  and  holes 
(on  acceptors)  in  the  2D-plane.  In  this  model  the 
overlap  of  the  wavefunctions  of  electrons  and 
holes  in  the  2D-plane  decreases  with  increasing 
magnetic  field  and  this  results  in  an  exponential 
increase  of  recombination  time,  and,  hence,  in  a 
decrease  of  the  integrated  intensity.  In  this  work 
we  performed  direct  measurements  of  the  kinet¬ 
ics  of  magnetoluminescence  in  the  regime  of 
Wigner  crystallization  which  confirmed  the  pro¬ 
posed  model.  Namely,  we  found  [12,15]  that  the 
recombination  time  for  electrons  in  the  pinned 
Wigner  solid  is  exponentially  increasing  with 
magnetic  field  and  became  up  to  several  orders  of 
magnitude  longer  than  for  electrons  in  the  liquid 
phase.  The  difference  in  recombination  times  of 
the  2D-electrons  in  liquid  and  solid  phases  is 
obvious  from  the  time  dependence  of  the  inte¬ 
grated  luminescence  intensity,  presented  in  Fig.  1 
for  different  magnetic  fields.  Below  H  <  2  T  (at 
v  <  1)  the  decay  in  intensity  is  described  by  a 
single  exponent  with  r  =  220  ns  (Z  =  30  nm), 
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Fig.  1.  Kinetics  of  luminescence  measured  in  different  mag¬ 
netic  fields. 


corresponding  to  the  recombination  of  electrons 
in  the  liquid  phase.  As  the  magnetic  field  in¬ 
creases,  a  tail  with  a  slow  decay  time  appears  at 
large  delay  times  due  to  the  recombination  of 
electrons  in  the  solid  phase  (only  the  5-line  re¬ 
mains  in  the  spectra  for  these  delays).  We  found 
that  the  recombination  time  of  2D-electrons  in 
the  solid  phase  increases  exponentially  with  mag¬ 
netic  field,  whereas  it  remains  constant  in  the 
liquid  phase  [12,15].  Different  time  scales  allow 
us  to  investigate  the  properties  of  liquid  and  solid 
phases  independently  and  to  derive  a  phase  dia¬ 
gram  for  the  Wigner  solid  [12,15].  Besides  this  we 
were  able  to  distinguish  between  an  extrinsic 
glass-like  phase  of  localized  electrons  (due  to 
single-particle  localization  on  disorder  sites)  and 
intrinsic  solid  phase,  which  we  assign  to  the 
Wigner  solid. 


5.  Recombination  of  2D-eIectrons  with  free  holes 

The  recombination  of  2D-electrons  with  free 
holes  in  a  single  heterojunction  has  been  inten¬ 
sively  studied  by  different  groups  [4-6,16];  how¬ 
ever,  there  are  many  unsolved  problems  remain¬ 
ing.  We  observed  such  recombination  only  in  a 
few  samples  (in  3  samples  from  approximately 
one  hundred  studied)  and  only  under  the  follow¬ 


ing  conditions:  the  GaAs  buffer  layer  is  n-type, 
the  concentration  of  2D-electrons  is  less  than 
2  X  10 11  cm-2  and  the  temperature  is  less  than  a 
critical  temperature  Tc  (Tc  =  4  K  at  H  =  0,  and  it 
is  growing  with  magnetic  field).  It  is  still  unclear 
at  what  distance  from  the  interface  the  holes  are 
located  and  what  is  their  spatial  distribution.  It 
follows  from  the  time-resolved  measurements  that 
the  recombination  time  of  2D-electrons  with  free 
holes  is  very  short  (in  comparison  with  recombi¬ 
nation  with  bound  holes)  -  1  ns  [16].  In  our 
samples  we  found  that  at  zero  magnetic  field  the 
recombination  time  of  the  free  holes  depends  on 
concentration  and  that  it  is  in  the  range  of  1-4  ns 
for  concentrations  of  (0.5-2)  X  10 11  cm-2  [17]. 
The  luminescence  spectra  measured  for  different 
magnetic  fields  in  one  of  the  samples  of  this  type 
(sample  B)  are  presented  in  Fig.  2a.  One  sees  a 
similarity  of  these  spectra  and  the  spectra  mea¬ 
sured  in  Refs.  [5,6]:  a  strong  intensity  of  recombi¬ 
nation  from  the  first  excited  subband  at  v  >  1, 
splitting  of  the  line  into  two  components  A  and  B 
at  v  <  1  and  an  appearance  of  the  5-line  (sensi¬ 
tive  to  the  temperature)  in  the  regime  of  Wigner 
crystallization.  We  also  observed  an  oscillatory 
redistribution  of  the  recombination  intensities 
among  lines  E0  and  Ex  (and  among  lines  A  and 
B)  at  values  of  magnetic  field  and  density  corre¬ 
sponding  to  the  integer  and  fractional  QHE  [5,6]. 
Another  feature  visible  in  Fig.  2a  is  a  reduction 
of  the  integral  intensity  at  v  <$;  1  at  low  tempera¬ 
tures  similar  to  that  observed  for  the  case  of 
recombination  with  holes  bound  to  acceptors  [3]. 
As  we  demonstrated  for  the  case  of  bound  holes, 
this  reduction  was  due  to  a  decrease  of  the  re¬ 
combination  rate  in  a  magnetic  field.  We  investi¬ 
gated  also  the  time  evolution  of  the  spectra  for 
2D-electrons  recombining  with  free  holes  and 
found  that  at  low  temperatures  and  high  mag¬ 
netic  fields,  the  kinetics  of  the  recombination 
became  very  slow,  nonexponential  and  very  sensi¬ 
tive  to  the  temperature  (see  Fig.  2b).  The  time 
evolution  of  the  corresponding  luminescence 
spectra  is  shown  in  Fig.  2c.  It  is  obvious  from  this 
figure  that  at  long  delay  times  only  the  5-line 
(and  5*-line)  remains  in  the  spectrum,  whereas 
the  A  and  B  lines  disappeared  much  faster.  Such 
a  behaviour  is  similar  to  the  above  mentioned 
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Fig.  2.  Spectra  of  recombination  with  free  holes  (a);  the 
kinetics  of  this  recombination  (b);  and  the  time  evolution  of 
the  luminescence  signal  (c)  measured  for  sample  B. 


one,  found  for  the  recombination  with  holes 
bound  to  acceptors  and,  therefore,  we  explained 
the  observed  results  in  terms  of  recombination  of 
localized  2D-electrons  with  holes  localized  on 
disorder  sites  (with  some  distribution  in  localiza¬ 
tion  energy).  The  wave  functions  of  both  localized 
electrons  and  holes  are  defined  by  magnetic 
length  and,  therefore,  their  overlap  in  the  2D 
plane  goes  to  zero  exponentially  with  increase  of 
magnetic  field.  An  increase  in  temperature  re¬ 
sults  in  delocalization  of  both  electrons  and  holes, 
and,  consequently,  to  an  increase  of  recombina¬ 
tion  rate. 


6.  Reduction  of  the  electron  concentration  in  the 
extreme  quantum  limit 

A  rather  old  puzzle  which  attracts  interest  is 
the  observed  reduction  of  the  concentration  of 
2D-electrons  in  a  strong  magnetic  field  under 
continuous  illumination  [5],  resulting  in  the  col¬ 
lapse  of  the  intersubband  splitting  [18].  Up  to 
now,  the  reason  for  this  reduction  is  not  clear 
[5,6,18],  and  the  main  problem  was  to  explain  the 
fact  that  the  reduction  of  concentration  was  ob¬ 
served  only  at  temperatures  lower  than  2  K.  To 
investigate  this  phenomenon  we  studied  Raman 
scattering  and  time-resolved  luminescence  and 
found  that  the  reduction  of  the  electron  concen¬ 
tration  takes  place  simultaneously  with  a  reduc¬ 
tion  of  the  recombination  rate  due  to  the  local¬ 
ization  of  both  electrons  and  holes  in  the  20- 
plane.  These  two  phenomena  are  observed  at 
v  <  1  and  are  similarly  sensitive  to  the  magnetic 
field  and  to  the  temperature.  In  Fig.  3a  we  show 
Raman  spectra  measured  at  H  =  0  for  different 
concentrations  of  2D-electrons.  In  these  mea¬ 
surements  we  used  the  illumination  of  an  Ar+- 
laser  (A  =  488  nm,  W=  10“6  X  10"4  W/cm2)  for 
variation  of  the  concentration  [19],  and  tunable 
Ti/sapphire  laser  (A  =740-750  nm,  W=  10 “3- 
10_1  W/cm2)  for  Raman  measurements.  One 
can  see  from  this  figure  that  the  reduction  in  ns 
results  in  a  reduction  of  intersubband  splitting.  In 
Fig.  3b  we  show  the  dependence  E10(ns)  mea¬ 
sured  for  different  samples  by  Raman  scattering 
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(open  symbols)  and  also  by  luminescence  [20] 
(closed  symbols).  A  reasonable  agreement  be¬ 
tween  the  results  obtained  by  these  methods  is 
obvious  from  this  figure;  therefore,  we  used  Ra¬ 
man  scattering  as  a  test  of  the  reduction  in  the 
2D-concentration.  In  Fig.  3c  we  present  a  varia¬ 
tion  of  the  intersubband  splitting  with  magnetic 
field  and  temperature  measured  for  two  different 
samples  (A  and  B)  with  similar  concentrations  of 
2D-electrons  (at  H  =  0  ns  =  5  X  1010  cm-2).  One 
can  see  from  this  figure  that  the  reduction  in  ns 
happens  only  for  sample  B  (open  symbols),  in 
which  the  slow  recombination  with  free  holes  was 
observed  in  the  same  region  of  magnetic  fields 
and  temperatures.  We  associate  the  observed  re¬ 
duction  in  ns  with  a  strong  increase  of  the  con¬ 
centration  of  free  holes  (comparable  with  the 
concentration  of  2D-electrons)  at  low  tempera¬ 
tures  and  high  magnetic  fields.  A  simple  estima¬ 
tion  shows  that  for  an  excitation  power  W=  10 -  3 
W/cm2  and  recombination  time  r=10-6  s  the 
concentration  of  the  holes  nh  =  Wr/fico  = 
1010cm-2  (fuo,  being  1.6  eV,  is  the  energy  of 
photons  used  for  excitation).  It  is  important  that 
there  is  no  upper  limit  of  nh  in  the  case  of  free 
holes,  whereas  in  the  case  of  holes  bound  to 
acceptors  the  limit  is  given  by  the  concentration 
of  the  acceptors. 


7.  Conclusion 
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Fig.  3.  Raman  spectra  measured  for  different  concentrations 
(a);  Dependence  of  intersubband  splitting  on  2D-electron 
concentration  (b);  Dependence  of  intersubband  splitting  on 
magnetic  field  for  different  samples  (c). 


Time-resolved  magnetoluminescence  and  Ra¬ 
man  scattering  were  used  to  study  the  properties 
of  2D-electrons  in  the  regime  of  FQHE  and  of 
the  Wigner  solid.  The  hierarchy  of  the  FQHE 
states  is  investigated.  In  the  regime  of  the  Wigner 
solid  we  found  an  exponential  increase  of  the 
recombination  time  of  the  electrons  in  the  solid 
phase,  whereas  no  change  in  recombination  time 
was  observed  for  the  liquid  phase.  Very  similar 
properties  of  kinetics  of  luminescence  were  ob¬ 
tained  for  recombination  with  both  free  holes  and 
holes  bound  to  acceptors.  Raman  scattering  was 
used  to  study  the  effect  of  reduction  of  electron 
concentration  in  the  extreme  quantum  limit. 
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Abstract 

The  inter-band  photoluminescence  spectrum  of  an  incompressible  liquid  at  an  ultra-high  mobility  GaAs 
heterojunction  may  show  multiple  recombination  channels  in  which  different  integral  numbers  of  fractionally 
charged  excitations  participate.  The  spectrum  at  v  —  1/2  is  discussed  in  terms  of  the  proposed  composite  fermion 
model  of  the  fractional  quantum  Hall  effect.  Changes  in  the  photoluminescence  spectrum  at  higher  field  lead  to  the 
proposal  of  an  experimental  test  for  magnetic-field-induced  crystalline  order. 


1.  Introduction 

Three  important  and  unresolved  issues  in 
the  physics  of  electron-electron  interactions  in 
degenerate  two-dimensional  electron  systems 
(2DES)  are:  the  dispersion  of  neutral  excitations 
of  the  incompressible  liquid  states  responsible  for 
the  fractional  quantum  Hall  effect  (FQHE);  the 
nature  of  the  ground  state  at  even  filling  factors; 
experimental  determination  of  the  ground  state 
at  filling  factors  v  <  1/5.  We  will  show  here  that 
optical  spectroscopy  has  the  potential  to  address 
each  of  these  questions.  We  present  measure¬ 
ments  of  photoluminescence  from  two  ultra- 
high-mobility  GaAs  single  heterojunctions  G641 


*  Corresponding  author. 


( ns  =  1011  cm  2,  pi  =  9  X  106  cm2  V  1  s  l)  [1] 
and  G648  («s  =  3x  1010  cm~  2,  fx  =  2  X  106  cm2 
V”1  s-1)  [2];  we  explore  the  physics  of  the  re¬ 
combination  process  and  demonstrate  progress 
towards  the  resolution  of  the  three  important 
questions  listed  above.  The  experimental  tech¬ 
nique  has  been  described  elsewhere  [1-3].  Weak 
photoexcitation  below  the  band  gap  of  the  barrier 
excites  low  densities  of  electrons  and  holes  in 
continuum  states  in  the  GaAs  layer;  photoexcited 
holes  relax  to  the  valence  band  edge  where  they 
recombine  with  electrons  in  the  potential  well  at 
the  interface.  Recombination  is  observed  both 
from  electrons  in  the  2DES  in  the  ground  sub¬ 
band  and  from  photoexcited  electrons  that  have 
scattered  into  higher  subbands.  Photoexcited 
electrons  are  not  in  thermal  equilibrium  with  the 
2DES,  whose  temperature  is  estimated  to  be  ap¬ 
proximately  100  mK.  Both  the  energy  and  inten- 
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sity  of  photoluminescence  are  sensitive  to  the 
effects  of  correlation  in  the  2DES;  hierarchies  of 
FQHE  states  are  detected  [1,2]  and  the  spectrum 
responds  to  the  onset  of  a  high-field  insulating 
phase  at  v  «  1/5  [3]. 

2.  Quasi-particle  recombination  and  the 
determination  of  FQHE  energy  gaps 

The  fundamental  characteristic  property  of  an 
incompressible  liquid  is  an  excitation  energy  gap. 
No  measurement  of  the  zero-wavevector  gap  has 
yet  been  possible,  although  activated  transport 
measurements  give  an  estimate  of  the  energy  A  of 
large-wavevector  excitations  (quasielectron-qua¬ 
sihole  pairs).  Various  anomalies  in  the  energy  of 
photoluminescence  at  FQH  states  have  been  re¬ 
ported  which  may  allow  measurement  of  excita¬ 
tions  of  the  liquid.  In  the  case  of  acceptor-doped 
heterojunctions  the  photoluminescence  energy  at 
fractional  filling  factors  v=p/q  has  been  claimed 
to  change  discontinuous^  by  qA  [4];  in  this  model 
the  recombination  process  either  annihilates  q 
quasi-electrons  (v>p/q)  or  creates  q  quasi-holes 
(■ v<p/q )  each  of  charge  +1  /q.  Recent  analysis 
of  the  data  relates  A  to  discontinuities  in  the 
derivative  of  the  luminescence  energy  with  re¬ 
spect  to  magnetic  field  [5].  It  seems  more  likely, 
however,  that  the  strongest  recombination  chan¬ 
nel  is  always  that  creating  q  quasi-holes  within 
the  condensate,  even  when  (for  v>p/q)  excess 
quasi-electrons  are  present,  and  that  weaker 
satellite  lines  involving  the  annihilation  of  quasi¬ 
electrons  might  appear.  MacDonald  et  al.  [6] 
have  recently  predicted  the  appearance  of  a  satel¬ 
lite  luminescence  peak  near  v  =  1/3:  this  satellite 
corresponds  to  annihilation  of  one  quasi-electron 
and  creation  of  two  quasi-holes  in  the  inter-band 
recombination  process  and  is  higher  in  energy 
than  the  main  recombination  channel  (creation  of 
three  quasi-holes)  by  A.  We  present  here  data 
near  v  =  1/3  which  show  structure  at  higher  en¬ 
ergies  consistent  with  this  interpretation. 

Fig.  la  shows  the  luminescence  spectrum  of 
G641  at  v  =  1/3.  We  observe  a  strong  E0  peak, 
corresponding  to  recombination  from  the  2DES 
in  the  ground  subband,  with  a  wing  extending  to 


Energy  (eV) 

Fig.  1.  Luminescence  spectra  of  G641  at  100  mK  (a)  v  -  1/3; 
(b)  v  = 1/2. 


high  energy.  This  wing  shows  structure  consistent 
with  the  presence  of  two  satellite  lines  shown  by 
the  fitted  curves.  The  strong  low-energy  compo¬ 
nent  is  interpreted  as  arising  from  the  dominant 
recombination  process  involving  the  generation  of 
3  quasi-holes.  In  general,  recombination  of  elec¬ 
trons  can  proceed  by  creation  of  n  quasi-holes 
and  annihilation  of  (q  -  n)  quasi-electrons  giving 
rise  to  (q  +  1)  spectral  lines  separated  by  A.  The 
two  satellite  peaks  present  in  Fig.  la  then  corre¬ 
spond  to  n  =  2  and  1  processes.  At  v  =  1/5  we 
observe  a  high-energy  wing  but  no  clearly  re¬ 
solved  structure;  this  may  be  simply  due  to  the 
fact  that  A  is  lower  than  the  experimental  resolu¬ 
tion  in  this  case.  The  relative  efficiencies  of  these 
recombination  channels  are  not  known,  although 
those  involving  annihilation  of  more  than  one 
quasi-electron  are  expected  to  be  weak  due  to  the 
low  probability  of  quasi-electrons  being  present 
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in  the  same  place,  i.e.  the  location  of  the  valence 
hole;  MacDonald  et  al.  [6]  find  evidence  in  their 
finite-size  calculations  for  only  the  n  =  3  and  2 
processes  at  v  =  1  /3.  The  line  separation  ob¬ 
served  here  is  0.2  meV  (2.2  K).  This  is  smaller 
than  the  previously  published  value  of  ~  5  K  for 
the  v  =  1/3  gap  energy  deduced  from  activated 
transport  measurements  at  similar  fields  [7];  it  is 
probable  that  this  measurement  of  A  is  perturbed 
by  interaction  between  the  2DES  and  the  valence 
band  hole.  Apal’kov  and  Rashba  [8]  find  that  at 
v  =  1/3  in  systems  where  the  electron-electron 
and  electron-valence  hole  interactions  are 
strongly  asymmetric  there  is  an  energy  minimum 
in  the  magnetoexciton  dispersion  at  finite 
wavevector;  recombination  from  this  state  re¬ 
quires  emission  of  a  magnetoroton  to  conserve 
momentum  and  is  therefore  lower  in  energy  than 
recombination  from  a  magnetoexciton  at  the  zone 
centre  by  approximately  the  magnetoroton  energy 
rather  than  the  quasi-particle  gap. 

Halperin  et  al.  [9]  have  recently  extended  Jain’s 
composite  fermion  model  of  the  FQHE  [10]  to 
the  special  cases  of  even-denominator  fractional 
filling,  in  particular  to  v  =  1/2.  Here  the  average 
gauge  field  cancels  the  applied  magnetic  field; 
the  picture  that  results  is  that  of  fermions  in  zero 
magnetic  field  with  a  well  defined  Fermi  surface. 
The  electron  system  is  gapless  at  these  filling 
factors.  Experimental  data  for  v  =  1  /2  and  1/4 
are  rather  limited:  the  resistivity  pxx  shows  a 
weak  minimum  at  v  =  1/2  and  is  systematically 
smaller  than  that  at  neighbouring  even-de¬ 
nominator  fractions,  as  predicted  by  the  model, 
but  the  same  does  not  appear  to  apply  at  v  =  1/4 
[3,11]  (it  should  be  recalled  that  there  is  a  dra¬ 
matic  increase  in  pxx  for  v  <  1  /4  which  may  be 
associated  with  formation  of  an  electron  solid  - 
see  below).  Our  discussion  of  the  use  of  photolu¬ 
minescence  to  detect  FQHE  gaps  suggests  the 
possibility  of  optical  detection  of  the  density  of 
states  of  this  exotic  quantum  system.  Fig.  lb 
shows  the  luminescence  spectrum  of  G641  at 
v  =  1/2.  The  strong  E0  line  is  remarkably  sym¬ 
metrical  in  contrast  to  the  complex,  asymmetric 
lineshape  observed  when  the  ground  state  is  in¬ 
compressible  as  at  v  =  1/3  and  1/5.  By  analogy 
with  the  true  zero-field  case,  the  full  lumines¬ 


cence  linewidth  may  provide  a  measure  of  the 
Fermi  energy;  the  observed  value  is  ~  0.5  meV, 
which  corresponds  to  an  effective  mass  of  approx¬ 
imately  0.35me  (the  electron  density  at  v  =  1/2 
with  B  =  11.5  T  is  estimated  to  be  7  X  1010  cm-2 
[3]).  This  measurement  is  close  to  the  theoretical 
estimate  of  0.27me  at  B  =  10  T  [9].  However,  this 
lineshape  analysis  makes  no  distinction  between 
the  recombination  of  composite  fermions  and  of 
ordinary  electrons,  nor  does  it  take  any  account 
of  the  enhancement  of  recombination  at  the 
Fermi  edge  observed  at  zero  field. 

3.  “Hot”  electron  probe  of  spatial  ordering 

The  high-field  ground  state  of  an  ideal  degen¬ 
erate  two-dimensional  electron  system  is  believed 
to  be  crystalline.  Nonlinear  transport  [11-13], 
photoluminescence  [3,14]  and  surface  acoustic 
wave  propagation  [15]  have  all  provided  evidence 
that  a  solid  phase  occurs  at  filling  factor  v  ~  1/5 
for  GaAs  but  the  nature  and  length  scale  of  the 
order  in  this  phase  remains  controversial.  A  clear 
test  for  crystalline  order  is  a  diffraction  measure¬ 
ment,  possibly  using  phonons,  but  this  has  not  yet 
been  achieved.  We  describe  here  a  new  method 
which  utilises  nonequilibrium  electrons  in 
higher-energy  subbands  of  the  confining  potential 
as  a  probe  of  spatial  order  in  the  ground  sub¬ 
band. 

When  the  two-dimensional  electron  system  in 
the  ground  subband  is  liquid  its  charge  density  is 
spatially  uniform;  the  effective  interaction  poten¬ 
tial  experienced  by  other  carriers  (electrons  in 
higher  subbands  and  in  the  continuum,  and  va¬ 
lence  band  holes)  is  therefore  also  uniform.  A 
magnetic-field-induced  electron  crystal  is  easily 
pinned  by  fluctuations  in  the  interface  potential, 
however,  in  which  case  the  charge  distribution  in 
the  ground  subband  is  not  uniform  but  periodi¬ 
cally  modulated.  A  transition  from  a  liquid  to  a 
pinned  crystal  in  the  ground  subband  is  therefore 
accompanied  by  the  onset  of  a  periodic  perturba¬ 
tion  experienced  by  electrons  confined  in  higher 
subbands  of  the  potential  well.  More  remote  car¬ 
riers  in  continuum  states,  including  all  valence 
band  states,  will  be  more  weakly  perturbed.  Pho- 
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toluminescence  spectroscopy  is  sensitive  to  the 
densities  of  states  for  both  electrons  and  holes 
and,  in  the  range  of  filling  factors  in  which  crys¬ 
tallisation  is  expected,  luminescence  from  non¬ 
equilibrium  electrons  in  the  first  excited  subband 
is  observed.  Spatial  order  in  the  ground  subband 
might  therefore  be  detected  through  its  effect  on 
this  component  of  the  luminescence  spectrum. 

In  a  strong  magnetic  field  the  effect  of  a 
periodic  potential  is  to  broaden  the  Landau  level 
density  of  states  and  split  it  into  bands  in  a 
pattern  that  depends  on  the  symmetry  and  on  the 
number  of  flux  quanta  penetrating  a  unit  cell  of 
the  potential  [16,17].  (The  term  Hofstadter  band 
will  be  used  to  distinguish  these  fragments  of  a 
Landau  level,  corresponding  to  in-plane  motion, 
from  the  subbands  of  the  potential  well  confining 
the  electron  system.)  When  the  filling  factor  for  a 
crystalline  2DES  in  the  ground  subband  is  a 
rational  fraction  v=p/q  then  q/p  flux  quanta 
penetrate  a  unit  cell  and  the  density  of  states  for 
electrons  in  the  first  excited  subband  is  split  into 
q  bands.  Relatively  large  gaps  in  the  density  of 
states  occur  at  simple  filling  factors,  where  there 
are  few  bands,  and  persist  over  a  range  of  mag¬ 
netic  fields  [18].  To  confirm  the  presence  of  spa¬ 
tial  order  in  the  ground  subband  it  is  this  charac¬ 
teristic  pattern  of  gaps  that  must  be  detected. 

In  the  crystalline  phase  we  expect  the  spec¬ 
trum  of  luminescence  from  photoexcited  elec¬ 
trons  in  the  first  excited  subband  to  broaden  and 
split  into  a  field-dependent  pattern  of  transitions 
from  Hofstadter  bands.  It  is  reasonable  to  assume 
that  all  bands  are  populated  by  photoexcitation. 
The  most  easily  identified  feature  in  this  spec¬ 
trum  should  be  the  principal  gap  which,  for  1  /5 
<  v  <  1/10,  is  approximately  half  the  total  width 
of  the  spectrum  in  magnitude  and  divides  it  into  a 
narrow  high-energy  line  and  a  broader  collection 
of  transitions  from  bands  at  lower  energies.  The 
characteristic  energy  scale  for  this  structure,  the 
magnitude  of  the  periodic  potential,  depends  on 
the  in-plane  charge  distribution  in  the  ground 
subband  and  on  the  form  of  both  ground  and 
excited  subband  wavefunctions  normal  to  the  in¬ 
terface;  we  estimate  this  to  be  of  order  1  meV. 
The  excitonic  character  of  luminescence  from  the 
upper  subband  [1]  will  reduce  the  broadening  of 


Fig.  2.  Upper  subband  (Ex)  luminescence  peak  energies  for 
G648.  Representative  spectra  are  inset. 


the  spectrum  as  the  sign  of  the  perturbation 
experienced  by  a  valence  hole  is  reversed. 

Fig.  2  shows  the  magnetic-field-dependent  en¬ 
ergy  of  Ex  luminescence  peaks  (corresponding  to 
recombination  from  states  in  the  lowest  Landau 
level  of  the  first  excited  subband)  for  sample 
G648.  Inset  spectra  show  the  full  luminescence 
lineshape  with  Ex  transitions  marked;  the  peak 
~  0.5  meV  lower  in  energy  corresponds  to  E0 
recombination  from  the  degenerate  2DES  in  the 
lower  subband.  At  filling  factors  v  >  1/5,  where 
the  2DES  is  liquid,  the  Ex  peak  is  featureless 
(spectrum  a).  Between  v  =  1/4  and  v  —  1/5  the 
Ex  peak  broadens  from  0.3  meV  FWHM  to  0.6 
meV  and  at  v  =  1/5,  the  suggested  threshold  for 
crystallisation,  a  high-energy  shoulder  appears 
(spectrum  b);  the  transition  develops  into  a  well- 
resolved  doublet  at  lower  filling  factors  (spectra  c 
and  e).  The  lower-energy  Ex  peak  loses  intensity 
as  the  filling  factor  is  reduced  below  v  =  \/l  and 
at  v  =  1/10  the  higher-energy  Ex  peak  dominates 
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the  spectrum.  This  characteristic  development  of 
the  luminescence  spectrum  correlates  with 
changes  in  transport  properties  associated  with 
crystallisation  and  has  been  observed  previously 
over  a  smaller  range  of  filling  factors  in  the 
higher-density  heterojunction  G641  [3].  Over  a 
range  of  filling  factors  around  v—\/l  the  Ex 
spectrum  reverts  to  the  single  line  (spectrum  d) 
characteristic  of  higher  filling  factors  v  >  1/5. 

Changes  in  the  width  and  structure  of  the  Ex 
luminescence  transition  for  v  <  1  /5  suggest  cor¬ 
responding  changes  in  the  density  of  states  of 
electrons  in  the  upper  subband  that  are  consis¬ 
tent  with  the  effect  of  crystallisation  of  the  2DES 
in  the  ground  subband.  The  width  of  the  Ex 
luminescence  transition  for  v  <  1  /5  is  consistent 
with  our  estimate  of  the  periodic  perturbation 
due  to  the  electron  crystal.  The  minimum  lumi¬ 
nescence  linewidth  measured  from  this  sample  is 
~  0.3  meV  so  we  cannot  expect  to  resolve  small 
gaps  in  the  density  of  states;  the  shape  of  the 
spectrum  for  v  <  1  /5  is  consistent  with  the  calcu¬ 
lated  density  of  states  if  only  the  principal  gap  is 
resolved.  The  reversion  of  the  spectrum  to  its 
low-field  form  around  v  =  1/7  may  indicate  a 
reversion  to  a  liquid  ground  state  of  the  2DES:  a 
re-entrant  liquid  phase  at  this  filling  factor  has 
been  inferred  from  measurements  of  a  pxx  mini¬ 
mum  [13,19];  luminescence  spectra  of  an  accep¬ 
tor-doped  system  have  been  interpreted  as  show¬ 
ing  coexisting  solid  and  liquid  phases  over  all 
filling  factors  v  <  1/5  [14], 

Changes  in  the  luminescence  spectrum  are  not 
due  solely  to  the  orbital  wavefunction:  the  spin 
states  of  the  Ex  electrons  respond  differently  to 
spin  and  spatial  ordering  of  the  2DES.  There  may 
be  enhancement  of  the  spin  splitting  in  the  upper 
subband  due  to  exchange  with  the  degenerate 
2DES  in  the  ground  subband;  if  this  were  respon¬ 
sible  for  the  structure  observed  at  low  filling 
factors  then  Fig.  2  shows  that  there  must  be  a 
rapid  threshold  for  this  interaction  at  v~l/5. 
Measurements  of  the  polarisation  of  the  lumines¬ 
cence  do  not  support  this  interpretation:  at  v  = 
1  /5  both  E0  and  Ex  are  predominantly  left  circu¬ 
larly  polarised  (LCP)  with  /L//R  ~  3  [2];  the 
higher-energy  Ex  peak  that  develops  for  v  <  1  /5 
becomes  more  strongly  LCP  at  lower  filling  fac¬ 


tors  whereas  the  lower-energy  Ex  peak  becomes 
distincly  unpolarised.  A  detailed  interpretation  of 
the  measurements  requires  a  complete  model  for 
electron -valence  hole  recombination,  but  the 
magnitude  of  the  splitting  and  the  polarisation 
data  are  not  consistent  with  a  simple  spin-split¬ 
ting  picture.  It  would  be  interesting,  however,  to 
investigate  whether  a  transition  from  spin- 
polarised  liquid  to  a  solid  could  enhance  the 
magnitude  of  the  exchange  interaction  with  upper 
subband  electrons. 


4.  Conclusions 

Structure  in  the  spectrum  of  luminescence  from 
an  incompressible  liquid  reveals  multiple  recom¬ 
bination  channels  which  involve  different  num¬ 
bers  of  quasi-electrons  and  quasi-holes  and  allow 
measurement  of  the  quasi-particle  gap  A.  The 
spectral  lineshape  at  v  =  1/2  is  anomalous  and 
may  provide  information  about  the  compressible 
ground  state  at  even  fractions.  Spatial  order  in 
the  2DES  may  be  detected  by  measuring  lumines¬ 
cence  from  photoexcited  electrons  in  a  higher 
subband.  Our  measurements  are  consistent  with 
crystallisation  at  filling  factor  v  ~  1/5  and  sug¬ 
gest  a  reentrant  liquid  phase  around  v  —  1  /7. 
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Abstract 

We  develop  a  theory  of  photoluminescence  from  the  magnetically  induced  two-dimensional  Wigner  crystal.  It  is 
found  that  the  photoluminescence  spectrum  is  a  weighted  measure  of  the  single  particle  density  of  states  of  the 
electron  system,  which  for  an  undisturbed  electron  lattice  has  the  intricate  structure  of  the  Hofstadter  butterfly.  It  is 
shown  that  the  interaction  of  a  localized  hole  with  the  electron  lattice  wipes  out  this  structure,  but  that  an  itinerant 
hole  can,  in  principle,  detect  it.  Experimental  implications  are  discussed. 


Recent  studies  of  high  mobility  heterojunc¬ 
tions  in  strong  magnetic  fields  have  uncovered  a 
number  of  intriguing  properties  that  in  some  ways 
are  consistent  with  the  presence  of  some  crys¬ 
talline  order  at  the  lowest  available  temperatures. 
Among  these,  photoluminescence  probes  have 
yielded  spectra  with  interesting  behavior  both  as 
a  function  of  magnetic  field  and  temperature. 
Photoluminescence  experiments  on  these  systems 
have  been  performed  in  two  ways.  One  set  of 
experiments  [1]  uses  a  low  density  of  Be  dopants 
that  are  purposely  grown  into  the  sample  approx¬ 
imately  250  A  away  from  the  2DEG.  A  pulse  of 
light  excites  a  core  electron  out  of  a  Be"  accep¬ 
tor,  and  the  photoluminescence  spectrum  from 
recombination  of  electrons  in  the  2DEG  with  the 
remaining  core  hole  is  observed.  More  recent 
experiments  [2]  have  also  investigated  recombina- 
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tion  of  electrons  with  itinerant  holes  in  the  host 
crystal  (GaAs)  valence  band.  Both  experiments 
show  intriguing  and  complicated  results;  among 
them  is  the  observation  of  a  pair  of  photolumi¬ 
nescence  lines  that  appear  at  magnetic  fields  for 
which  transport  anomalies  recently  associated 
with  the  WC  are  found.  At  the  lowest  tempera¬ 
tures,  the  lower  of  the  two  lines  has  most  of  the 
oscillator  strength;  as  the  temperature  is  raised, 
the  oscillator  strength  transfers  to  the  higher  of 
these  lines,  until  the  lower  line  cannot  be  distin¬ 
guished  from  the  background.  While  it  is  tempt¬ 
ing  to  associate  lower  line  with  a  crystal  phase, 
and  the  upper  with  a  melted  phase,  the  precise 
interpretation  of  the  data  is  hampered  by  a  lack 
of  theoretical  understanding  of  what  the  PL  spec¬ 
trum  should  look  like  when  the  ground  state  of 
the  2DEG  really  is  a  WC. 

To  address  this  question,  we  have  computed 
the  PL  spectrum  for  the  Wigner  crystal  using  a 
time-dependent  Hartree-Fock  approximation 
(TDHFA)  [3].  A  few  examples  of  the  PL  spec- 
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Fig.  1.  (a)  Photoluminescence  for  v  =  2/7,  sheet  density  n  =  6  X  10 10  cm-2,  with  no  electron-hole  interaction,  with  T  below  the 
melting  temperature  7melt.  Inset:  Same,  for  T  above  melting  temperature,  (b)  Photoluminescence  for  v  =  2/l,  sheet  density 
n  =  6  X  10 10  cm-2,  with  electron-hole  interaction,  below  (solid  line)  and  above  (dotted  line)  melting  temperature. 


trum  obtained  in  our  work  are  shown  in  Figs.  1 
and  2.  Fig.  la  illustrates  the  PL  for  a  localized 
hole,  where  we  ignore  the  interaction  of  the  hole 
with  the  lattice,  and  the  filling  fraction  of  elec¬ 
trons  is  taken  to  be  v  =  2 /7.  The  structure  of  the 
PL  is  essentially  a  double  peak,  whose  origin  may 
be  understood  as  follows.  The  PL,  as  will  be 
shown  below,  is  essentially  a  weighted  measure  of 


v-2/11 


-13.5  -13.0  -12.5 

E-ae/2-oh/2—A( meV) 

Fig.  2.  Photoluminescence  for  itinerant  hole  at  electron  filling 
v  =  2/11,  sheet  density  n  -  6X 1010  cm-2,  and  hole  plane  250 
A  away  from  the  electron  plane,  for  T  ~  0.005rmell  (solid  line) 
and  T  ~  0.057^  (dotted  line).  Electron  and  hole  cyclotron 
frequencies  given  here  by  o>e  and  o)h,  respectively  and  A  is 
the  conduction  band-valence  band  gap. 


the  single  particle  density  of  states.  Within  mean 
field  theory  (i.e.,  Hartree-Fock),  this  is  deter¬ 
mined  by  the  energy  spectrum  of  a  single  electron 
in  a  magnetic  field,  moving  in  the  average  poten¬ 
tial  of  all  the  other  electrons.  Thus,  the  single 
particle  density  of  states  is  that  of  an  electron  in 
a  periodic  potential.  This  spectrum  has  an  intri¬ 
cate  nature  [4]:  for  rational  filling  fractions  v  = 
p/q  there  are  q  subbands,  and  in  Hartree-Fock, 
p  of  these  are  filled.  We  therefore  expect  that  for 
any  filling  fraction  p/q,  one  should  expect  to  see 
p  lines  in  the  PL  for  the  ideal  case  of  a  perfect 
electron  lattice.  An  observation  of  this  behavior  in 
photoluminescence  experiments  would  yield  direct 
confirmation  of  the  presence  of  a  WC  in  the  system. 

Unfortunately,  the  multiple  peak  structure  is 
sensitive  to  perturbations  from  external  poten¬ 
tials.  For  the  case  of  an  unscreened,  localized 
core  hole,  the  primary  perturbation  is  from  the 
electron-hole  interaction  itself;  the  PL  spectrum 
when  one  turns  on  this  interaction  is  illustrated  in 
Fig.  lb.  Here  there  is  a  single  luminescence  peak, 
which  is  shifted  down  in  energy  from  what  was 
seen  in  Fig.  la.  The  structure  is  best  interpreted 
in  terms  of  the  density  of  states.  Direct  examina¬ 
tion  of  this  reveals  a  single  state  that  corresponds 
to  an  electron  bound  to  the  hole.  This  lowest 
energy  electron  state  overwhelmingly  dominates 
the  PL  spectrum,  because  the  overlap  of  its  wave- 
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function  with  that  of  the  hole  is  nearly  two  orders 
of  magnitude  larger  than  those  of  the  next  closest 
electrons.  In  essence,  the  PL  spectrum  is  domi¬ 
nated  by  a  single  final  state  of  the  ion-electron 
gas  system. 

It  should  be  noted  that,  in  most  localized  hole 
experiments  [1],  the  dopant  atom  is  a  neutral 
acceptor  in  its  initial  state.  The  interaction  of  the 
core  hole  with  the  electron  gas  is  then  quite 
weak,  leading  to  a  negligible  deformation  of  the 
WC  in  its  initial  state.  However,  the  final  state  of 
the  dopant  is  charged,  which  introduces  a  strong 
perturbation.  The  net  result  of  this  is  that  the  PL 
spectrum  is  still  dominated  by  a  single  final  state, 
one  in  which  a  vacancy  is  bound  to  the  charged 
ion.  The  PL  spectrum  is  thus  qualitatively  the 
same  as  described  for  the  case  of  a  strong  initial 
interaction;  details  will  be  reported  elsewhere  [3]. 

The  difficulty  of  observing  local  crystalline  or¬ 
der  directly  in  PL  for  the  highly  localized  hole  is 
clearly  related  to  the  fact  that  a  single  electron 
dominates  the  electron-hole  recombination.  This 
problem  can  be  alleviated  in  principle  if  the  hole 
is  not  so  strongly  localized.  We  thus  consider  an 
itinerant  hole  in  the  valence  band,  in  a  plane  250 

o 

A  above  the  electron  plane,  a  geometry  which  is 
only  very  recently  being  examined  in  the  WC 
regime  [2].  Typical  results  for  this  system  are 
shown  in  Fig.  2,  for  filling  fraction  i/  =  2/11.  For 
the  lowest  temperatures,  one  can  only  see  a  sin¬ 
gle  peak  in  the  photoluminescence,  essentially 
because  at  this  filling  the  splitting  between  the 
two  filled  subbands  is  too  small  to  resolve  numer¬ 
ically  [5].  However,  an  interesting  effect  occurs 
when  the  temperature  is  raised  slightly  (although 
not  nearly  enough  to  melt  the  crystal):  one  then 
finds  that  structure  in  the  PL  peak  is  introduced. 
This  turns  out  to  be  due  to  the  density  of  states 
for  the  hole.  This  also  moves  in  the  periodic 
potential  of  the  electron  lattice,  and  so  should  be 
expected  to  to  have  eleven  bands  as  well.  Increas¬ 
ing  the  temperature  moderately  allows  some 
non-negligible  probability  for  the  hole  to  occupy 
the  higher  bands,  each  adding  a  new  line  to  the 
PL  spectrum.  Once  again,  observation  of  this 
effect  would  constitute  direct  confirmation  of 
crystalline  order  in  the  2DEG.  We  believe  that, 
with  improved  sample  quality,  itinerant  hole  PL 


experiments  should  offer  the  best  opportunity  to 
observe  this  type  of  structure,  which  is  a  direct 
consequence  of  the  presence  of  a  WC. 

Our  calculated  PL  spectrum  as  the  tempera¬ 
ture  is  raised  so  as  to  melt  the  WC  also  has  very 
interesting  behavior.  In  this  case,  there  is  an 
upward  shift  in  the  PL  peak  for  the  case  of  a 
localized  hole,  as  seen  in  Fig.  1.  The  increase  in 
energy  corresponds  directly  to  the  potential  en¬ 
ergy  lost  per  electron  when  the  carriers  are  no 
longer  crystallized.  What  is  remarkable  about  the 
shift  is  that  it  occurs  almost  precisely  at  the 
melting  temperature;  there  is  very  little  motion 
just  above  or  below  the  transition.  This  is  in 
qualitative  agreement  with  experimental  observa¬ 
tions  [2],  in  which  two  distinquishable  lines  are 
observed,  with  oscillator  strength  transferring 
from  the  lower  to  the  upper  one  as  the  tempera¬ 
ture  is  increased.  One  could  interpret  this  as 
finite  size  domains  of  the  WC  with  a  distribution 
of  melting  temperatures,  accounting  for  the  con¬ 
tinuous  transfer  of  oscillator  strength  between 
the  two  lines.  That  two  such  lines  are  visible  in 
real  experiments,  rather  than  a  broad  continuum 
PL  spectrum,  seems  consistent  with  an  electro¬ 
static  environment  for  the  recombining  electrons 
that  is  fairly  uniform  through  the  sample,  indicat¬ 
ing  that  there  may  be  some  (substantial)  order  in 
the  system. 

We  now  outline  how  we  calculate  the  photolu¬ 
minescence  in  the  TDHFA.  (Details  will  be  given 
elsewhere  [3].)  The  photoluminescence  intensity 
is  given,  for  a  single  localized  hole  state,  by 

P(oj)  =  E  L  e~En/kBT\(m,  0\L\n,  h)\2 

^  n  m 

X8(a>-En  +  Em),  (1) 

where  Z  =  Q~En/k*T,  \  n,  h)  is  a  many-body 
electron  state  with  energy  En  and  N  electrons 
when  there  is  a  core  hole  present,  |  m,  0)  is  a 
many-body  electron  state  with  N  -  1  electrons 
and  energy  Em,  to  is  the  luminescence  frequency, 
and  L  —  f  d2x^(x)^h(x)  is  the  luminescence  op¬ 
erator,  with  ijj(x)  the  electron  annihilation  opera¬ 
tor  and  iph(x)  the  hole  annihilation  operator.  As 
written,  the  initial  state  is  actually  higher  in  en¬ 
ergy  than  the  final  state,  and  we  find  it  conve- 
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nient  to  rework  the  problem  in  terms  of  absorp¬ 
tion  rather  than  emission.  To  accomplish  this,  we 
add  a  term  H'=  -£0cjc0  t0  the  Hamiltonian, 
where  cj  creates  a  localized  hole,  and  take  the 
limit  E0  ->  oo.  It  is  not  difficult  to  show  P(a))  = 
\imEo^ooP'(o)  -  E0)/n0(E0\  where  P'  is  the  ab¬ 
sorption  spectrum  of  the  new  Hamiltonian,  and 
n0  is  the  average  occupation  of  the  hole  state, 
which  just  becomes  one  in  the  limit  E0  — >  oo.  The 
absorption  spectrum  is  identical  to  Eq.  (1),  except 
one  needs  to  add  the  energy  E0  to  all  the  quanti¬ 
ties  En  in  the  expression.  After  standard  manipu¬ 
lations  [6],  one  can  show  that 

fw4i-e"WIm  R(co  +  id). 

The  function  R(co  +  id)  is  a  response  function, 
which  continued  to  imaginary  frequency  has  the 
form 

R(ia>)  =  -  F(TtL(t)L\ 0)>  dr.  (2) 

J0 

To  compute  this  quantity,  we  consider  (for  the 
case  of  a  localized  hole  state)  instead  of  a  single 
hole,  a  periodic  (hexagonal)  lattice  of  them,  with 
a  unit  cell  that  contains  as  many  electrons  as  can 
be  handled  numerically.  In  addition,  since  the 
system  is  in  a  strong  magnetic  field,  we  project 
the  electron  part  of  the  Hamiltonian  into  the 
lowest  Landau  level.  Because  of  the  symmetry  of 
the  system,  R(<o)  may  be  written  in  the  form 

R(o>)  =  yii:R(G,<o)  e-G2'°2/4 

if  we  approximate  the  core-hole  wavefunctions  as 
delta-functions,  where  nh  is  the  density  of  holes, 
f}  the  volume  of  the  system,  and  the  vectors  G 
are  the  reciprocal  lattice  vectors  of  the  superlat¬ 
tice.  The  quantity  R(G,  <o)  may  be  computed  by 
writing  down  the  equation  of  motion  for  R(r)  in 
terms  of  its  commutator  with  the  Hamiltonian, 
and  then  applying  a  Hartree-Fock  decomposition 
to  the  resulting  expression  [7,3]. 

The  case  of  the  itinerant  hole  is  treated  simi¬ 
larly  to  the  case  outlined  above,  except  there  is 
an  important  simplification:  since  the  hole  den¬ 
sity  is  low  at  all  points  in  space,  it  is  safe  to  ignore 


any  deformation  of  the  electron  lattice  due  to  the 
hole.  For  this  situation,  we  find  that  Eq.  (1)  may 
be  written  directly  in  terms  of  the  Green’s  func¬ 
tions  for  the  electron  lattice.  Because  there  are 
many  hole  states  close  in  energy  on  the  scale  of 
temperature  for  the  itinerant  hole,  we  also  take  a 
thermal  average  of  Eq.  (1)  over  the  different  hole 
states  that  the  electrons  may  decay  into.  The  hole 
wavefunctions  may  be  generated  by  numerically 
computing  its  Green’s  function.  Details  will  be 
given  elsewhere  [3]. 

In  summary,  we  have  developed  a  theory  of 
photoluminescence  for  the  WC  in  a  strong  mag¬ 
netic  field.  We  find  that  one  can  use  PL  to 
unambiguously  demonstrate  the  presence  of  a 
WC,  by  observing  a  gap  structure  associated  with 
the  unique  energy  spectrum  of  an  electron  in  a 
periodic  potential  and  a  magnetic  field.  We  show 
that  electron-hole  interactions  tend  to  close  these 
gaps,  and  argue  that  the  best  situation  for  finding 
this  structure  would  be  in  an  itinerant  hole  exper¬ 
iment. 
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Abstract 

The  eigenfunctions  and  eigenvalues  of  a  system  consisting  of  a  finite  number  of  electrons  on  a  two-dimensional 
plane  together  with  a  few  holes  on  a  neighboring  plane  are  obtained  by  numerical  diagonalization  within  the 
subspace  of  the  lowest  Landau  level.  The  energy  spectrum  and  ground  state  energy  per  particle  are  studied  as  a 
function  of  the  Landau  level  degeneracy  and  the  interlayer  separation.  By  evaluating  the  square  of  the  matrix 
element  of  the  luminescence  operator  between  the  initial  state  with  Ne  electrons  and  one  hole  and  various  final 
states  with  Ne~  1  electrons  and  no  hole,  and  multiplying  by  a  delta  function  which  conserves  energy,  the 
luminescence  intensity  1(a))  is  obtained. 


Recently  there  has  been  intense  experimental 
and  theoretical  interest  in  the  magneto-photo¬ 
luminescence  (PL)  of  a  two-dimensional  electron 
system  in  the  fractional  quantum  Hall  effect 
(FQHE)  regime  [1-3].  While  experiments  have 
revealed  a  considerable  amount  of  fine  structure 
in  the  PL  spectrum,  the  theoretical  interpretation 
of  these  results  is  still  at  the  primitive  stage. 
Critical  to  the  understanding  of  PL  spectrum  is 
the  role  of  the  photo-excited  valence  band  holes, 
whether  on  the  same  two-dimensional  plane  as 
the  electrons  or  separated  from  the  plane  by  a 
finite  distance,  as  a  perturbation  to  the  electron 
system  in  the  intial  and  final  state  of  the  recombi¬ 
nation  process. 

In  an  system  which  contains  both  free  elec- 
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trons  and  valence  band  holes,  strong  correlations 
exist  between  particles  of  like  charge,  as  well  as 
between  particles  of  opposite  charge.  For  a  sys¬ 
tem  with  an  equal  number  of  electrons  and  holes 
(vc  =  vh)  in  the  same  two-dimensional  layer,  if 
only  the  first  Landau  level  is  considered,  the 
ground  state  can  be  obtained  exactly  and  viewed 
as  a  Bose  condensed  state  of  noninteracting  exci- 
tons  [4].  As  the  layer  separation  is  increased,  the 
interlayer  correlations  become  relatively  less  im¬ 
portant,  and  the  system  would  be  expected  to 
undergo  a  phase  transition  either  to  a  double 
FQHE  state  or  to  an  excitonic  charge-density 
wave  state  [5].  For  a  system  in  which  the  number 
of  electrons  differs  from  the  number  of  holes 
(ve  =£  vh\  i.e.,  for  a  general  electron-hole  system, 
the  nature  of  the  ground  state  is  still  an  unsolved 
problem.  Recently,  based  on  a  mapping  between 
the  electron-hole  system  and  a  two-component 
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electron  system,  the  authors  of  Ref.  [6]  concluded 
that  in  the  symmetric  case,  where  electrons  and 
holes  are  in  the  same  layer,  the  charged  elec¬ 
tron-hole  fluid  should  exhibit  a  FQHE  when  the 
filling  factor  of  the  excess  charge  vc  =  -  vh  is  a 

fraction  with  an  odd  denominator.  This  predic¬ 
tion  follows  from  the  assumption  that  for  a  two- 
component  spin-1  /2  electron  system  with  a  negli¬ 
gible  Zeeman  splitting,  the  ground  state  is  always 
maximally  spin  polarized.  Here  we  present  a  nu¬ 
merical  study  of  a  finite-size  general  electron- 
hole  system  with  an  arbitrary  layer  separation  d. 
We  find  that  in  the  symmetric  case,  neither  the 
chemical  potential  discontinuity  nor  the  finite 
energy  gap  between  the  ground  state  and  the 
excited  states  appears.  In  the  asymmetric  case, 
we  find  that  when  the  layer  separations  are  of  the 
order  of  the  magnetic  length,  strong  cusps  are 
obtained  at  vc/(\  -  vh)  =  p/q,  where  q  is  an  odd 
integer  [7]. 

Let  us  first  consider  the  symmetric  case  where 
electrons  and  holes  are  in  the  same  layer.  It  has 
been  shown  that  the  electron-hole  system  in  this 
case  has  a  hidden  symmetry  [6,8,9],  which  can  be 
easily  understood  by  noticing  that  the  commuta¬ 
tor  of  the  Hamiltonian  of  the  system  H  and  the 
creation  operator  d+( 0)  of  a  k  =  0  exciton  is 
proportional  to  the  creation  operator  itself,  that 
is 

[H,d+(0)]  =Ex(0)d+(0).  (1) 

Here  Ex( 0)  is  the  binding  energy  of  a  single  bare 
exciton.  In  the  Landau  gauge  the  exciton  creation 
operator  d+( 0)  is  given  by  d+(0)  =  Lxcixbtx, 
where  a x  (or  bx)  is  the  creation  operator  of  a 
free  electron  (hole)  with  momentum  Jcy=X/l2 
in  the  first  Landau  level.  It  follows  from  Eq.  (1) 
that  if  \Ne,  Nh)  is  an  eigenstate  of  a  Ne  electron 
and  Nh  hole  system  with  an  eigenenergy  E0, 
[d+(Q)]n  |  Nei  Nh)  will  be  an  eigenstate  of  a  NQ  +  n 
electron  and  Nh  +  n  hole  system  with  an  eigenen¬ 
ergy  E0  +  nEx( 0).  The  introduction  of  an  extra 
electron-hole  pair  with  a  total  momentum  k  =  0 
changes  the  energy  of  the  system  by  Ex(0),  the 
single  bare  exciton  energy. 

We  perform  our  finite-size  calculations  in  the 
spherical  geometry  [10].  Electrons  and  holes  are 


put  on  a  sphere  of  radius  R2  =  5  with  a  magnetic 
monopole  at  the  center,  where  25+1  is  the 
degeneracy  of  the  first  Landau  level.  The 
Coulomb  interaction  between  the  particles  of  like 
charge  is  taken  to  be  inversely  proportional  to  the 
chord  distance,  and  the  interaction  between  elec¬ 
trons  and  holes  is  modulated  by  the  layer  separa¬ 
tion  d  through  the  relation  Veh(  \  f2l  - p2  I)  = 
- 1  /(R2  |  fll  -  tl2  \  2  +  d2)1/2,  where  tl  is  a 
unit  vector  in  radial  direction  denoting  the  posi¬ 
tion  of  a  particle  on  the  sphere.  The  quantum 
states  of  the  system  are  classified  by  eigenvalues 
L(L  +  1)  and  M  of  the  square  of  the  angular 
momentum  operator  L2  and  its  z-co mponent  Lz. 
The  effect  of  the  neutralizing  background  is  in¬ 
cluded  by  adding  a  shift  [11]  of  —N2/2R  to  the 
calculated  energy,  where  Nc  =  Ne-Nh.  For  a 
seven  electrons  and  one  hole  system  at  d  =  0, 
according  to  the  prediction  of  Ref.  [6],  one  might 
expect  several  downward  cusps  in  the  plot  of 
ground  state  energy  versus  5.  These  cusps,  how¬ 
ever,  are  not  observed  in  our  result.  The  assump¬ 
tion  that  the  ground  state  of  the  spin- 1/2  elec¬ 
tron  system  onto  which  the  electron-hole  system 
maps  is  maximally  spin  polarized  is  equivalent,  in 
the  electron-hole  system,  to  the  assertion  that 
the  ground  state  can  be  obtained  from  the  ground 
state  of  a  Nc  electron  system  by  simply  adding  Nh 
excitons  of  momentum  k  =  0.  Finite  size  calcula¬ 
tions  clearly  indicate  that  the  ground  state  for  a 
given  5  is  not  necessarily  one  of  these  multiplica¬ 
tive  states  [d+(0)]Nh  \  Nc),  where  I  Nc)  is  a  quan¬ 
tum  state  of  a  Nc  electron  system  with  the  same 
5.  In  Fig.  1,  we  plotted  the  energy  spectrum  for  a 
seven  electrons  and  one  hole  system  at  5  =  7. 
The  states  indicated  by  diamonds  are  multiplica¬ 
tive  ones,  which  can  be  obtained  by  operating 
d+( 0)  onto  the  states  belonging  to  a  six  electron 
system.  Fig.  1  shows  that  the  lowest  multiplicative 
state  (L  =  3)  is  higher  than  the  ground  state 
(L  =  1)  by  0.0 6e2/el,  a  value  which  is  compara¬ 
ble  to  the  energy  gap  of  v  =  1/3  Laughlin  state. 
This  leads  us  to  predict  that  at  d  =  0  one  should 
not  see  a  peak  in  the  PL  spectrum  at  a)  =  Ex( 0)  at 
this  filling  factor. 

For  the  asymmetric  case,  in  which  electrons 
and  holes  are  on  two  different  layers,  the  ground 
state  properties,  as  well  as  the  collective  excita- 
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tions  of  the  system,  depend  strongly  on  the  inter¬ 
layer  separation.  It  is  conceivable  that  in  a  certain 
range  of  the  layer  separation,  each  hole  may  bind 
only  one  or  two  quasielectrons,  instead  of  a  whole 
real  electron,  because  of  the  weaker  interlayer 
interaction.  In  Fig.  2a  the  ground  state  energy  of 
a  system  of  seven  electrons  and  one  hole  at 
^  =  1.75  is  shown  as  a  function  of  the  Landau 
level  degeneracy  S.  A  pronounced  cusp  is  re¬ 
vealed  at  S  =  8.  Two  other  weaker  cusps  (or 
kinks)  appear  at  S  =  6  and  5.  Also  plotted  in  Fig. 
2a  is  the  ground  state  energy  of  a  six  electron 
system.  As  can  be  seen,  by  adding  one  electron- 
hole  pair  to  the  six  electron  system  the  cusps 
(kinks)  corresponding  to  vc  =  1/3,  2/5  and  2/3 
have  all  been  shifted  towards  right  by  0.5  of  S 
value.  We  have  also  calculated  the  ground  state 
energy  for  an  eight  electrons  and  two  holes  sys¬ 
tem  at  the  same  layer  separation.  The  result 
shows  that  the  positions  of  the  cusps  (kinks)  are 
all  shifted  in  S  value  by  one  unit  towards  right 
relative  to  those  in  the  six  electron  system.  The 
systematic  shift  of  the  cusps  leads  us  to  postulate 
that  the  ground  state  at  S  =  8  in  Fig.  2a  consists 
of  a  v  =  1/3  incompressible  liquid  of  seven  elec¬ 
trons  and  a  bound  state  complex  of  one  hole  and 
two  Laughlin  quasielectrons  [12].  In  Fig.  2b  we 
show  the  energy  difference  A  E  between  the 
ground  state  and  the  lowest  excited  state  for 
several  S  values.  It  is  found  that  at  the  positions 
where  the  cusps  appear  in  the  ground  state  en- 


Fig.  1.  Energy  spectrum  of  an  electron -hole  system  with 
Nc  =  l,  Nh  =  l,  and  d  =  0  at  5  =  7.  The  states  indicated  by 
diamonds  can  be  obtained  by  operating  d+( 0)  onto  the  states 
belonging  to  a  six  electron  system. 
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Fig.  2.  (a)  Ground  state  energy  as  a  function  of  S:  Diamonds 
-  electron-hole  system  with  Ne  =  7,  Nh  =  1,  and  (7  =  1.75; 
Circles  -  system  with  six  electrons  only,  (b)  Energy  difference 
between  the  ground  state  and  the  lowest  excited  state  for  an 
electron-hole  system  with  Nt  =  7,  Nh  =  1,  and  d  =  1.75.  Note 
that  the  peaks  here  correspond  to  the  cusps  (kinks)  in  (a). 


ergy,  A  E  displays  strong  peaks  characteristic  of  a 
dissipationless  system.  Calculated  results  for  the 
electron-hole  pair  correlation  function  and  the 
energy  spectrum  of  the  system  also  support  the 
conjecture  of  the  exotic  bound  state  complex  [7]. 

Having  investigated  the  ground  state  proper¬ 
ties  of  electron-hole  systems,  we  now  can  pro¬ 
ceed  to  calculate  the  PL  spectrum  resulting  from 
recombination  of  an  electron  with  a  valence  band 
hole.  The  photoluminescence  intensity  at  temper¬ 
ature  T,  is  given  by 

1(a)  =  y  Ee-^(^.-1V(0)|4^J)>||2 

z  /,/ 

Xd(d) -El i  +  Ef),  (2) 

where  Z  =  L,  exp(-Ei/kBT)  is  the  partition 
function  of  the  initial  system.  <2>^e,1)  an(j  <pWe- 1,0) 
are  the  quantum  states  of  initial  and  final  system 
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Fig.  3.  PL  spectrum  of  a  seven  electron  system  at  S 


with  Ne  electrons  and  one  hole,  and  Ne-  1  elec¬ 
trons  and  no  hole,  respectively. 

From  Eq.  (2),  the  hidden  symmetry  and  what 
we  have  discussed  in  the  previous  paragraphs, 
one  immediately  sees  that  the  low  temperature 
PL  intensity  at  d  =  0  will  be  zero  for  most  of  the 
S  values  because  the  ground  state  of  electron- 
hole  systems  is  in  general  not  a  multiplicative 
state  (Fig.  1).  Even  at  those  fillings  (for  example, 
5  =  7.5  corresponding  to  vz  =  1/3  for  a  seven 
electrons  and  one  hole  system)  where  one  of 
multiplicative  states  does  seem  to  have  the  lowest 
energy,  the  ground  state  is  found  to  be  almost 
degenerate  with  several  non-multiplicative  states, 
and  in  the  thermodynamical  limit  the  PL  intensity 
from  the  recombination  process  simulated  by  Eq. 
(2)  will  be  greatly  reduced. 

For  the  asymmetric  case,  where  Eq.  (1)  no 
longer  holds,  sharp  peaks  are  obtained  in  the  PL 
spectrum.  In  Fig.  3a,  we  plot  the  PL  intensity  at 
d  =  1.75,  5  =  8.  The  temperature  T  is  set  to  be 
0.005c2/6/  in  our  calculation.  The  PL  spectrum 
consists  of  a  strong  peak  at  high  energy  side  and 
two  tiny  peaks  (which  are  about  50-100  times 
smaller  and  probably  too  small  to  be  seen)  with 
lower  energy.  As  the  layer  separation  is  in¬ 
creased,  the  two  small  peaks  become  stronger 
and  stronger  in  comparison  with  the  biggest  one. 
For  a  very  large  layer  separation,  the  second  peak 
actually  becomes  the  dominant  one.  Fig.  3b  shows 
the  PL  spectrum  of  the  system  at  the  same  5  and 
T  values,  with  d  =  8.  The  three  peaks  are  almost 
equally  separated  by  an  energy  of  the  order  of 


8.0  and  T=  0.005e2/e/.  (a)  d  =  1.75;  (b)  d  =  8.0. 


the  Laughlin  gap.  If  we  change  the  5  value  to  8.5, 
the  peak  with  the  highest  energy  disappears,  and 
only  two  lower  energy  peaks  remain  (at  the  same 
energy  positions);  this  is  in  qualitative  agreement 
with  the  finding  in  Ref.  [3]  for  this  5  value.  A 
detailed  account  of  our  PL  results  will  be  given 
elsewhere. 

In  summary,  our  finite-size  calculation  for 
electron-hole  layers  with  d  =  0  shows  no  clear 
signature  of  an  incompressible  FQHE  state.  For 
most  values  of  the  filling  factor  no  PL  signal  or  at 
best  a  very  weak  one  should  be  observed  at  the 
exciton  binding  energy  for  the  coplanar  systems 
(as  long  as  vh  vc).  For  the  case  of  d  ~  1.5,  our 
results  reveal  that  the  ground  state  energy  dis¬ 
plays  a  strong  cusp  (or  kink)  when  plotted  as  a 
function  of  the  Landau  level  degeneracy,  and  the 
states  responsible  for  the  cusps  are  interpreted  as 
a  mixture  of  an  incompressible  liquid  of  electrons 
at  vG  =  p /q  and  a  dilute  gas  of  anyonic  ions 
consisting  of  a  hole  bound  to  Laughlin  quasielec¬ 
trons.  The  PL  spectrum  of  the  system  changes 
dramatically  as  the  layer  separation  is  increased 
from  d  =  1.5  to  infinite,  and  as  the  Landau  level 
degeneracy  is  varied. 
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Abstract 

We  have  used  surface  acoustic  waves  (SAW)  to  measure  the  dynamical  conductivity  axx(a),  q)  to  high  frequency 
c o  and  wavevector  q.  The  most  important  finding  is  enhanced  conductivity  at  large  q  for  filling  factors  v  =  1/n, 
where  n  is  an  even  integer.  This  effect  persists  to  high  temperatures,  greater  than  those  at  which  the  FQHE  is 
observed,  with  the  enhanced  conductivity  proportional  to  q  and  the  effect  width  in  B  field  proportional  to  q.  These 
results  are  consistent  with  a  recent  theory  describing  Fermi  surface  formation  at  even  denominator  v .  In  addition  to 
these  results,  at  small  v  near  1/5,  we  observe  a  complex  crxx((o,  q)  which  we  have  mapped  out  as  a  function  of  cu. 
This  conductivity  mode  is  consistent  with  a  wavevector  independent  pinning  mode  in  the  insulating  phase. 


The  objective  of  our  experiments  is  to  study 
correlation  effects  in  high  quality  2D  electron 
systems  using  a  method  that  will  not  adversely 
perturb  the  system  yet  allows  measurement  of 
conductivity  at  small  length  scales.  In  addition  we 
want  to  use  a  frequency  and  wavevector  ad¬ 
justable  technique  to  study  low  energy  dispersion. 
The  technique  we  have  employed  is  propagation 
of  surface  acoustic  waves  (SAW)  on  GaAs/Al 
GaAs  heterostructures,  which  allows  direct  deter¬ 
mination  of  complex  crxx (w,  q).  In  this  method  [1] 
we  deposit  interdigital  transducers  on  both  ends 
of  a  sample  with  a  2DES  mesa  between  the 
transducers  (see  inset  to  Fig.  1).  Since  GaAs  is 
piezoelectric,  when  the  frequency  of  the  voltage 
applied  to  the  transducer  matches  the  transducer 
wavelength  A  such  that  Aw  =  27 tus,  vs  =  sound 
velocity,  a  traveling  longitudinal  wave  is  pro¬ 


duced.  The  SAW  transverses  the  2DES  and  is 
detected  by  the  receiving  transducer,  with  the 
sound  wave  amplitude  and  velocity  effected  by 
the  2D  electron  system  through  a  simple  relax¬ 
ation  response.  This  relaxation  model  gives  direct 
measurement  of  complex  <rxx(o),  q)  from 

V  l  2  J(1  +02+K)2’  U 

and 


4<r' 

(1  +a"f  +«)’ 


(2) 


where  a'  =  Re  <jxx((o ,  q)/am,  a "  = 
Im  o-xx(o),  q)/(rm ,  (7m  =  vs(e  +  e0),  and  Keff  is  the 
piezoelectric  coupling  constant  [2].  The  transmit¬ 
ted  amplitude  is  given  by  A  =  exp(-Tx),  where 
x  is  the  sound  path  length  through  the  2DES. 
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Shown  in  Fig.  1  are  o-xx(DC),  which  is  mea¬ 
sured  via  standard  contacts  diffused  into  the  pe¬ 
riphery  of  the  2D  mesa,  and  the  measured  SAW 
tsv/v  and  A  [3].  This  figure  demonstrates  the 
effect  of  the  2DES  on  the  sound  parameters.  The 
DC  measurement  is  used  in  the  above  expres¬ 
sions  with  the  results  also  shown  in  the  figure. 
Good  correspondence  between  the  calculated 
Av/vf  A  and  the  measured  £sv/v,  A  means  that 
at  this  SAW  w  and  q ,  cr^DC)  ~  (rxx(o)7  q ).  In 
this  report  we  will  focus  on  our  findings  at  v  =  1/2 
and  at  small  filling  factors. 


1.  *  =  1/2 

Measured  SAW  parameters  for  our  largest 
wavevector  [4]  of  q~  8^m_1  are  shown  in  Fig.  2. 


MAGNETIC  FIELD  (kG) 


Fig.  1.  DC  conductivity,  SAW  amplitude,  and  SAW  velocity 
shift  versus  magnetic  field  at  160  mK  and  235  MHz.  Solid 
lines  are  measured  values  and  dashed  lines  are  results  using 
the  measured  o-^(DC)  in  Eqs.  (1)  and  (2). 


Fig.  2.  SAW  velocity  shift  and  transmitted  amplitude  for  3.4 
GHz  SAW  at  120  mK  versus  magnetic  field.  The  dotted  lines 
represent  Af  /  v  and  amplitude  calculated  from  the  DC  con¬ 
ductivity  (offset  for  clarity). 


The  DC  conductivity  taken  simultaneously  to  this 
is  similar  to  that  in  Fig.  1,  lowest  panel.  This  DC 
conductivity  would  give  tsv/v  and  amplitude 
shown  by  the  dashed  lines  in  the  figure  near  1  /2 
and  1  /4.  Rather  than  maxima,  very  marked  min¬ 
ima  in  the  sound  properties  are  noted  at  *  =  1  /2, 
3 /2  with  smaller  minima  at  1  /4  and  3 /4,  repre¬ 
senting  enhanced  crxx(a),  q)  at  large  q.  Using  the 
measured  amplitude  and  frequency  one  can  de¬ 
duce  that  the  enhanced  (rxx(o),  q)  at  *  =  1/2  is 
purely  real,  not  complex. 

The  temperature  evolution  of  this  enhanced 
conductivity  is  shown  in  Fig.  3.  Note  the  remark¬ 
able  persistence  of  the  enhanced  <rxx(<o,  q) 
(minimum  in  transmitted  amplitude)  at  *  =  1/2 
to  high  temperatures.  At  3.0  K  the  effect  has 
survived  to  a  temperature  higher  than  that  able 
to  support  the  FQHE.  The  minimum  in  ampli¬ 
tude  at  1  /2  is  persistent  to  T  >  4  K,  where  only 
the  IQHE  is  visible.  The  lower  panel  shows  that 
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the  conductivity  at  1/2  for  3.4  GHz  possesses  no 
simple  activated  temperature  behavior.  Clearly 
this  effect  is  robust  and  pervasive;  it  occurs  at 
multiple  v  and  is  stronger  than  the  FQHE. 

The  most  important  findings  of  our  SAW  ex¬ 
periments  are  those  for  large  q  that  reveal  the 
specific  properties  of  the  enhanced  conductivity 
effect  at  v  =  1  /2.  Comparison  of  raw  tsv/v  data 
for  three  SAW  frequencies  is  displayed  in  Fig.  4, 
left  panel.  The  effect  gets  both  broader  and 
deeper  with  increasing  frequency.  Precisely  at 
v  =  1/2  measuring  kv/v  and  A  gives  <r^(q),  and 
this  can  be  plotted  for  the  full  range  of  q  used  on 
this  sample  (Fig.  4,  right).  At  small  q ,  axx  is  q 
independent  as  seen  for  the  rest  of  the  FQHE 
B -field  range  for  all  q .  For  q  >  2/tm  \  crxx(q ) 
increases  linearly  with  q. 

The  width  of  the  enhanced  conductivity  clearly 
increases  with  increased  SAW  q.  Fig.  5  shows  the 
full  width  in  A  B/B  at  half  maximum  of  the  effect 
at  v  —  1  /2,  demonstrating  a  distinct  linear  de¬ 
pendence  in  q . 

To  summarize  the  results,  enhanced  conductiv¬ 
ity  is  observed  at  multiple  even  denominator  v 
and  is  found  to  be  more  robust  than  the  FQHE, 
with  crxx{q )  and  the  width  of  the  effect  both 
increasing  linearly  in  SAW  wavevector  for  large 

q . 

A  recent  theory  developed  by  Halperin,  Lee 
and  Read  [5]  may  provide  a  rather  complete 
explanation  of  the  SAW  results  and  in  fact  may 
provide  a  new  model  for  understanding  correla¬ 
tions  in  the  2DES  in  general.  In  this  theory,  a 
Chern-Simons  gauge  field  is  introduced  at  one- 
half  filling  that  attaches  two  flux  quanta  to  each 
particle.  The  opposite  sense  of  these  flux  to  the 
applied  field  results  in  a  total  mean  magnetic 
field  of  zero:  BTOT  =  Bcs  +  #APP  =  0.  An  immedi¬ 
ate  consequence  of  this  construction  is  that  a 
Fermi  surface  should  form  at  v  —  1/2  with  kF  = 
(47r«e)1/2  =  kF^2 .  This  Fermi  surface  will  mani¬ 
fest  itself  near  1  /2  through  the  classical  cyclotron 
orbits  of  the  quasiparticles  in  a  B  field  A  B  — 
Z?app  -  B  (v  =  1  /2).  At  the  smallest  values  of  A  B 
(near  1  /2)  the  theory  predicts  in  some  detail  the 
SAW  results  presented  above.  At  v  =  1/2  these 
gauge  field  fermions  move  in  the  direction  q  of 
the  SAW  due  to  the  SAW  electric  field.  If  the 


SAW  A  >  /0,  the  mean  free  path  of  the  gauge 
field  fermion,  then  axx(q)  is  determined  only  by 
/0.  If  A  <lQ  the  quasiparticles  will  relax  along  q 
without  scattering  so  that  <rxx(q)  oc  q.  This  behav¬ 
ior  is  qualitatively  just  what  is  seen  in  Fig.  4.  The 
inflection  in  the  data  at  q~  2  jam-1  demon¬ 
strates  a  transition  from  mean  free  path  limited 
to  q  dependent  conductivity,  and  therefore  deter¬ 
mines  the  quasiparticle  mean  free  path  to  be  ~  1 
fim.  There  is  a  quantitative  discrepancy  between 
the  experiment  and  the  theory  in  the  overall 
conductivity  scale  of  about  a  factor  of  two  -  the 
etiology  of  this  is  not  clear. 

The  width  of  the  effect  is  also  consistent  with 
the  picture  of  Fermi  surface  formation  at  v  =  1/2 
and  may  actually  provide  a  measurement  of  the 
gauge  field  fermion  wavevector,  kF.  As  shown 
schematically  in  Fig.  5,  the  quasiparticles  will 


0  1  2  3  4  5 

r1  (K'1) 

Fig.  3.  Temperature  dependence  of  the  1/2  and  1/4  features. 
The  upper  panel  shows  four  transmitted  SAW  amplitude 
magnetic  field  traces  at  temperatures  of  0.45,  1.25,  3.0  and  4.0 
K  from  top  to  bottom  at  3.4  GHz  SAW.  The  lower  panel 
shows  SAW  derived  conductivity  at  3.4  GHz. 
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wavevector  dependent  conductivity  at  v  =  1/2  as  derived  from  the  SAW  velocity  shift,  T  —  50  mK. 


move  in  a  cyclotron  orbit  of  radius  Rc  — 
hkF/eAB.  We  assume  here  that  SAW  A</0. 
One  expects  that  for  small  A  B  the  quasiparticle 
will  move  in  a  sufficiently  large  orbit  Rc  that  the 
particle  will  still  substantially  short-out  the  SAW 
electric  field.  However,  as  A B  increases,  the  cy¬ 
clotron  radius  is  reduced  to  the  point  that  move¬ 
ment  of  the  quasiparticle  is  essentially  transverse 
to  the  q  direction  of  the  SAW  and  as  such  the 
qausiparticle  motion  will  not  enhance  the  axx( q). 
Therefore,  the  width  of  the  effect  at  1  /2  provides 
a  scale  of  the  quasiparticle  Fermi  wavevector.  If 
the  limit  Rc-\/2  is  selected  then  A B  = 
fikFq/jre.  This  line  is  shown  in  Fig.  5.  Clearly  the 
SAW  electric  field  shorting  will  be  cut  off  for  a 


smaller  chosen  percentage  of  Rc ,  which  will  in¬ 
crease  the  predicted  A  B/B.  This  would  bring  the 
theoretical  prediction  and  experimental  results 
into  closer  argreement  than  the  present  discrep¬ 
ancy  of  ~  20%. 

This  powerful  theory  may  provide  a  new  per¬ 
spective  on  2D  correlations  in  a  B  field.  The 
gauge  field  fermions  we  may  be  observing  at  1/2 
are  predicted  to  occur  at  other  even  denominator 
v,  just  as  we  in  fact  observe  experimentally.  These 
particles  may  well  be  responsible  for  the  spec¬ 
trum  of  FQHE  states  observed  at  the  principle 
series  v  =p/(2p  +  1).  These  directly  translate  to 
the  IQHE  for  quasiparticles  (1/3  v'  =  1,  2/5 
->  v*  =  2,  etc.).  As  such,  the  SAW  results  may  be 


B0 


AB  =  Bn-B0  =  Bn-B(v  =  1/2) 
Cutoff  “  Rc  <  X/2 

v  =s  1/2  width  *  (^r)  q 


J _ r\ 

B0  B i  B2 


Fig.  5.  Left  panel:  v=\/2  width  (A B/B)  versus  SAW  wavevector  at  50  mK.  The  width  is  defined  as  the  full  B  field  extent  at  the 
half  maximum.  Right  panel:  map  of  &v/v  near  1/2  and  schematic  of  gauge  field  Fermion  cyclotron  radius  for  A  B. 
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providing  us  with  a  description  of  the  gauge  field 
fermion,  which  themselves  are  a  manifestation  of 
electron  correlation  in  2D,  and  which  in  fact  may 
be  the  origin  of  the  fractional  quantum  Hall 
effect. 


2.  Small  v 

The  second  focus  of  our  studies  has  been  the 
small  filling  factor  range  near  and  below  v  =  1/5, 
where  it  is  proposed  that  in  this  system  of 
quenched  kinetic  energy  the  2DES  will  condense 
into  an  electron  solid  [6].  A  large  increase  in  the 
DC  resistance  is  expected  as  solidification  occurs, 
and  this  effect  has  been  extensively  characterized 
[7].  This  property,  along  with  observed  I-V  dis¬ 
continuities  [8],  are  sensitive  but  not  specific 
symptoms  of  electron  solidification:  magnetic  lo¬ 
calization  may  likewise  present  as  an  insulating 
state  in  a  similar  v  range.  A  specific  sign  of 
electron  lattice  formation  is  propagation  of  a 
shear  mode  with  the  magneto-phonon  dispersion 
a)~q3/2/B.  This  dispersion  will  be  broadened 
with  the  inclusion  of  disorder  and  at  q  =  0  a 
gapped  pinning  mode  will  be  present  [9].  Our 
surface  acoustic  wave  technique  is  particularly 
suited  to  detect  such  a  mode.  In  the  proposed 
electron  solid  v  regime,  a  crossing  of  the  sound 
dispersion  and  the  magneto-phonon  dispersion 
should  appear  as  an  additional  real  conductivity 
peak  with  an  imaginary  counterpart. 

The  following  data  represent  our  investiga¬ 
tions  into  the  electron  solid  filling  factor  range 
and  may  demonstrate  such  a  mode  crossing.  Ex¬ 
perimentally  we  measured  crxx(o),  q )  =  crxx(a ),  q) 
+  iaxx (o),  q)  for  a  range  of  o>,  q  using  the  SAW 
technique.  In  these  measurements  in  the  vicinity 
of  v  =  1/5  where  the  DC  measurements  show 
insulating  behavior  the  sound  velocity  shift  and 
attenuation  show  that  at  high  frequencies  sub¬ 
stantial  additional  conductivity  is  indeed  present. 
In  Fig.  6  one  sees  that  the  sound  velocity  shift 
(Au/z;max)  is  much  lower  than  expected  from  the 
DC  measurement  (marked  THEORY)  for  v  < 
1/5.  This  means  additional  conductivity  at  235 
MHz  compared  to  DC  [10]. 

Before  proceeding  to  other  a),  q  we  demon- 


Fig.  6.  Magnetic-field  dependence  of  DC  resistance  pxx ,  nor¬ 
malized  SAW  attenuation,  and  velocity  shifts  at  80  mK  and 
235  MHz.  The  lines  marked  theory  are  calculated  using 
px/DC)  in  Eqs.  (1)  and  (2). 

strate  that  one  can  take  advantage  of  the  mea¬ 
surement  of  both  amplitude  and  velocity  to  derive 
both  real  and  imaginary  conductivity.  If  an  excita¬ 
tion  mode  is  present  in  the  2DES  and  the  SAW 
dispersion  crosses  the  mode,  then  it  is  expected 
that  the  real  part  of  the  conductivity  will  be 
peaked  at  the  mode  center  and  the  imaginary 
part  of  the  conductivity  will  go  through  zero.  The 
real  and  imaginary  contributions  to  the  conductiv¬ 
ity  can  be  seen  immediately  in  a  phase  plot  of  the 
measured  SAW  attenuation  versus  velocity.  From 
Eqs.  (1)  and  (2)  the  phase  plot  will  give  a  semicir¬ 
cle  for  only  real  conductivity  and  deviations  from 
this  semicircle  will  indicate  imaginary  conductiv¬ 
ity.  Fig.  7  shows  phase  plots  for  a  high  B  field 
point  in  the  insulating  range  where  the  tempera¬ 
ture  is  swept  from  the  highest  to  lowest  values. 
The  highest  frequency  plot  shows  data  lying  on 
the  semicircle  or  real  curve  over  the  entire  tem¬ 
perature  range  with  only  minor  deviation  at  the 
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Fig.  7.  Phase  plots  of  SAW  attenuation  vs.  velocity  shift  at  two 
different  frequencies  at  v  =  0.167.  The  theoretical  line  based 
on  Eqs.  (1)  and  (2)  forms  a  semicircle.  In  the  inset,  Au0  is 
plotted  as  a  function  of  frequency  for  two  different  samples 
((o)  and  (•)). 

low  temperature  (velocity)  end  of  the  sweep.  In 
the  low  frequency  (91  MHz)  plot  at  the  low 
temperature  end  a  substantial  inward  deviation 
occurs,  signaling  a  sizable  positive  imaginary  con¬ 
tribution.  This  deviation  initiates  at  a  distinct 
temperature  Tc.  Intermediate  frequencies 
demonstrate  intermediate  values  of  Av0,  which  is 
defined  as  the  lowest  temperature  deviation  of 
the  SAW  velocity  from  the  real  conductivity  semi¬ 
circle.  These  data  show  that  a  large  imaginary 
conductivity  exists  at  frequencies  near  100  MHz 
and  this  conductivity  decreases  with  increasing 
frequency.  These  values  (and  others)  of  Av0  are 
plotted  versus  frequency  in  the  Fig.  7  inset,  and 
show  that  Avq  crosses  zero  at  a  frequency  of 
about  1  GHz,  indicating  a  mode  crossing. 

To  examine  the  real  part  of  the  conductivity, 
one  can  also  perform  temperature  sweeps  at  con¬ 
stant  magnetic  field  values  in  the  insulating 
regime,  using  Eqs.  (1)  and  (2)  to  extract  o-xx(co,  q). 
Fig.  8  shows  the  real  conductivity  calculated  from 
SAW  measurements  at  four  different  frequencies 
and  for  DC.  As  the  temperature  is  decreased, 
different  frequency  traces  have  the  same  conduc- 


Fig.  8.  RF  real  conductivity  versus  1/T  for  four  different 
frequencies  plus  DC  at  filling  factor  v  =  0.176. 

tivity  down  to  a  well  defined  temperature  Tc.  At 
T<TC  the  real  axx  behavior  is  frequency  depen¬ 
dent.  From  these  traces  one  can  determine  the 
frequency  dependence;  Fig.  9  shows  the  real  con¬ 
ductivity  versus  frequency  for  four  different  tem¬ 
peratures  but  all  at  the  same  magnetic  field  value. 
It  is  clear  that  at  sufficiently  low  temperatures  a 
peak  in  the  real  conductivity  is  crossed  as  the 
SAW  frequency  is  increased,  with  the  peak  near  1 
GHz.  Interestingly  the  mode  peak  does  not 
change  in  a)  appreciably  as  the  temperature  is 
lowered. 

Fig.  10  shows  the  v  dependence  of  this  mode. 
It  is  important  that  over  the  magnetic  field  range 
shown  here,  the  mode  peak  position  does  not 
appear  to  move  in  frequency.  One  would  expect 


Frequency  (GHz) 

Fig.  9.  Finite  frequency/wavevector  real  conductivity  mode  at 
filling  factor  v  =  0.160  for  a  set  of  four  different  temperatures 
as  measured  with  SAW. 
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Fig.  10.  Finite  frequency /wavevector  real  conductivity  mode 
at  T  =  100  mK  for  three  different  magnetic  field  values. 


that  for  a  pure  q  dependent  mode  the  peak 
position  should  change  with  B  field  as  o)  ~ 
f(q)/B.  These  data  therefore  suggest  a  wavevec¬ 
tor  independent,  broad,  low  energy  excitation  in 
the  insulating  range. 

If  one  is  to  pursue  an  electron  lattice  picture 
then  these  results  offer  at  least  a  determination 
of  an  upper  bound  to  the  correlation  length  £. 
The  peak  in  the  real  conductivity  in  this  model 
represents  the  peak  of  a  pinning  mode.  In  the 
long  wavelength  limit,  k<2ir/£,  regime,  the  pin¬ 
ning  frequency  scales  like  (opl(ot/wc,  where  the 
plasma  frequency  copl  =  ne2k/2evm*  and  the 
shear  mode  frequency  (of  =  rjk2/nm*  are  deter¬ 
mined  at  the  wavevector  k  =  2tt/£  with  the  cy¬ 
clotron  frequency  o)c  —  cB/m*.  By  estimating  the 
shear  modulus  [11]  77  =  4 kBTcn  from  the  transi¬ 
tion  temperature  Tc  =  200  mK  one  obtains  £  =  1 
H m  from  our  measured  pinning  frequency  at  v  = 
0.167.  This  value  of  £  is  about  25  lattice  spacings 
but  on  the  order  of  our  minimum  wavelength  of 
Amjn  ~  1.0  fim.  These  findings  suggest  that  the 
correlation  length  is  no  longer  than  1  jam,  and 


that  higher  frequency  SAW  may  be  able  to  exam¬ 
ine  the  q  dependent  range  of  the  solid  disper¬ 
sion. 

These  results  show  that  a  low  energy  mode  is 
indeed  present  in  the  small  filling  factor  range, 
and  if  an  electron  solidification  picture  is  invoked 
then  the  mode  we  have  characterized  here  proba¬ 
bly  represents  a  pinning  mode  of  the  system.  In 
order  to  truly  demonstrate  and  study  ordering  in 
the  system,  however,  a  smaller  wavelength  probe 
must  be  employed. 
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Abstract 

The  integer  and  fractional  quantum  Hall  effect  is  investigated  using  the  acoustoelectric  effect  in  a  high  mobility 
two-dimensional  electron  system.  This  effect  is  a  result  of  the  interaction  of  the  coherent  field  of  an  ultrasonic 
surface  acoustic  wave  and  the  completely  quantized  electron  system  in  strong  magnetic  fields.  The  mutual 
interaction  leads  to  both  energy  and  momentum  transfer  of  the  wave  to  the  electrons  and  is  reflected  in  giant 
quantum  oscillations  in  the  sound-induced  currents  and  voltages  in  the  two-dimensional  system.  Unlike  standard 
magnetotransport  experiments  the  acoustoelectric  effect  probes  the  states  of  the  bulk  of  the  electron  system  rather 
than  those  of  the  edges  and  thus  is  suited  to  gain  insight  into  the  quantum  Hall  effect  from  a  different  point  of  view. 


In  piezoelectric  semiconductors,  the  coherent 
phonon  field  of  a  surface  acoustic  wave  (SAW) 
can  couple  to  mobile  carriers  via  the  piezoelectric 
polarizability  of  the  host  material.  For  the  case  of 
a  two-dimensional  electron  system  (2DES)  like  in 
a  GaAs / AlGaAs  heterostructure,  this  interaction 
is  strongest  for  a  small  diagonal  conductivity  crxx 
=  (rra«3x  10“ 7  ft"1  as  present  under  the  condi¬ 
tions  of  the  quantum  Hall  effect  or  at  very  low 
carrier  density  [1,2]  and  leads  to  giant  quantum 
oscillations  of,  e.g.,  the  attenuation  of  the  SAW. 
As  reported  earlier  [3]  also  large  SAW-induced 
acoustoelectric  currents  and  voltages  are  ob¬ 
served  under  these  conditions.  A  most  remark¬ 
able  effect  in  the  regime  of  both  the  integer  and 
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the  fractional  quantum  Hall  effect  is  the  occur¬ 
rence  of  a  bipolar  transverse  acoustoelectric  field 
Ey  around  integer  and  fractional  Landau  level 
filling  factors.  Such  oscillations  are  observed  in 
the  so-called  “open  geometry”  where  no  macro¬ 
scopic  currents  in  the  sample  are  permitted.  Here, 
we  concentrate  on  the  quantitative  explanation  of 
the  observed  acoustoelectric  voltages.  Initial  re¬ 
sults  on  the  acoustoelectric  current  as  observed  in 
“shorted”  configuration  are  discussed  in  Refs. 
[3,4]. 

The  SAW  is  excited  by  means  of  interdigital 
transducers  [1,2]  at  a  center  frequency  of  144 
MHz.  Typically,  100  fiW  of  RF  power  is  fed  into 
one  of  the  transducers  resulting  in  an  acoustic 
power  density  of  about  1  mW/m.  The  2DES  is 
defined  into  a  Hall  bar  geometry  with  ohmic 
contacts  serving  as  voltage  probes.  Source  and 


0039-6028/94/$07.00  ©  1994  Elsevier  Science  B.V.  All  rights  reserved 
SSDl  00 39-6028(93) E0 681 -  J 


84 


A.  Esslinger  et  al  /  Surface  Science  305  (1994)  83-86 


MAGNETIC  FIELD  B  (T) 

Fig.  1.  Experimental  results  for  the  acoustoelectric  fields  Ex 
(a)  and  Ey  (b)  in  open  geometry  as  a  function  of  the  magnetic 
field  B.  The  longitudinal  field  Ex  exhibits  a  characteristic 
double-peak  structure  around  integer  filling  factors,  whereas 
the  transverse  field  Ey  changes  sign  around  those  magnetic 
field  values.  The  dashed  lines  are  the  results  of  a  calculation 
employing  the  model  as  described  in  the  text. 

drain  contacts  of  20  gm  width  are  provided  at 
both  ends  of  the  2DES.  The  experiments  re¬ 
ported  here  are  performed  on  two  different  sam¬ 
ples:  SI  (carrier  density  Ns  —  2.4  X  1015  m”2;  mo¬ 
bility  =  150  T"1)  and  S2  (Ns  =  0.72  X  1015  m"2; 
jji  =  150  T-1)  in  open  geometry.  Both  the  sound- 
induced  longitudinal  field  Ex  and  the  transverse 


field  Ey  are  monitored  at  the  voltage  probes 
using  standard  lock-in  techniques  [3,4]. 

Typical  experimental  results  for  sample  SI  are 
shown  in  Fig.  1  as  solid  lines.  In  Fig.  la  the 
longitudinal  field  Ex  and  in  Fig.  lb  the  transverse 
field  Ey  are  depicted  as  a  function  of  the  mag¬ 
netic  field  B.  Ex  exhibits  a  double  peak  structure 
around  integer  filling  factors  v  similar  to  those 
observed  in  SAW  transmission  measurements 
[1,2].  In  contrast,  the  transverse  field  Ey  displays 
bipolar  double  peaks  around  integer  fillings.  Sim¬ 
ilar  results  are  also  obtained  in  the  regime  of  the 
fractional  quantum  Hall  effect.  This  is  demon¬ 
strated  for  the  low  density  sample  S2  at  T  =  0.5  K 
and  for  filling  factor  v  =  1/3,  as  shown  in  Fig.  2a. 

Existing  theories  [5]  failed  to  explain  some  of 
our  observations  quantitatively.  For  example,  the 
non-zero  off-diagonal  acoustoelectric  voltage  Ey 
in  the  open  geometry  is  not  at  all  accounted  for 
in  Ref.  [5].  Also  the  results  as  obtained  in  “shorted 
geometry”  [3,4]  are  partially  in  contradiction  with 
this  model.  More  recently,  however,  a  different 
model  of  the  acoustoelectric  interaction  has  been 
formulated  by  Fal’ko  and  Iordanskii  [6]  and  by 
Winkler  et  al.  [7].  We  here  restrict  ourselves  to  a 
sketch  of  the  basic  ideas  of  this  model  and  refer 


Fig.  2.  (a)  Experimentally  obtained  acoustoelectric  fields  Ex  and  Ey  in  open  geometry  for  the  low-density  sample  S2.  Also  for  the 
fractional  filling  factor  v  =  1/3,  the  characteristic  signature  of  the  acoustoelectric  effect  is  observed,  (b)  Calculated  acoustoelectric 
fields  using  measured  magnetotransport  tensor  components. 
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the  reader  to  a  more  detailed  description  in  the 
original  references. 

On  piezoelectric  materials  a  SAW  leads  to  a 
piezoelectric  field  propagating  with  the  speed  of 
sound: 


Ep(x,  t)  =  0  ~ Emeiikx~<ot\  (1) 

This  field  is  screened  by  the  mobile  carriers  de¬ 
pending  on  the  local  diagonal  conductivity  crxx 
and  the  effective  field  is  then  given  by  [2] 

Eefs(x,  t)  =Ep(x,  t)+Eind(x,  t) 


£PQ,  0 

1  +  K^xx/Vm)  ’ 


(2) 


where  Eind  is  phase-shifted  with  respect  to  Ep  by 
=  arctg(a-xx/a-m).  Thus  the  generated  local 
acoustoelectric  current, 

ja(x,  t)  =  <raxEtff(x,  t),  a  =  (x,  y)  (3) 

gives  rise  to  a  modulated  carrier  density  and  thus 
a  modulated  local  conductivity  tensor: 

Ns(x,  t)=N°  +  ANsei(kx~<ot) 
and 


da 

a(x,  0=0-0  +  ^7TAyVsO>  0 
OiVc 


(4) 


with  an  amplitude  A  Ns  much  smaller  than  the 
equilibrium  value  N$.  Using  the  continuity  equa¬ 
tion,  the  oscillating  part  of  the  charge  density  can 
now  be  related  to  E 


ANs(x,  t )  = 


eff  * 

fro^effC*.  0 
eco 


Q-*,£effO>  0 

ec 

Here,  c  denotes  the  speed  of  sound,  whereas  the 
other  symbols  have  their  usual  meaning.  For  rxx 
=  rm  and  an  amplitude  of  the  SAW  \xz  =  0.1 
A,  A  NS/7VS0  ~  1  X  10  “3.  The  time  average  of  the 
acoustoelectric  current  has  two  components. 


</«(*)>  r 

=  ^x+^ANs(x,  r)j£eff(x,  o) 

=  --^— 0)Eett(x,  t))t. 


(6) 


because  (a®xE&n(x,  f))*  =  0  is  zero  and  there  is 
no  phase  shift  between  Eeff  and  A Ns.  In  other 
words,  the  acoustoelectric  current  is  a  quadratic 
function  in  Eeff  thus  representing  the  local 
quadratic  response  of  the  2D  electron  system  to 
the  piezoelectric  field  of  the  SAW.  On  the  other 
hand,  the  attenuation  of  the  wave  [1,2]  and  the 
relative  dissipated  power  density  are  given  by 
1  9/  1 

(r)t=  -  y  —  =  j(axxEht(x’  t))>,  (7) 


respectively.  Here,  I  denotes  the  acoustic  inten¬ 
sity  of  the  wave.  As  A Ns  As°,  the  expressions 
(6)  and  (7)  are  identical  and  the  acoustoelectric 
current  can  be  expressed  in  terms  of  the  attenua¬ 
tion  r, 


8  <T 
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8  Ns  ce 


< i-n,ex 


da„r  1 


Ms  e 


~(Q),ex. 


(8) 


Here,  Q  =  I  E/c  represents  a  “phonon  pressure” 
proportional  to  both  r  and  /,  and  ex  a  unit 
vector  in  the  direction  of  sound  propagation.  The 
acoustoelectric  tensor  A  [5]  defines  the  propor¬ 
tionality  between  the  current  and  the  phonon 
pressure  Q,  namely  j)  =  AilQl  and  is  in  our  model 
given  by 


1  8<r 

1WS- 


(9) 


This  is  the  most  important  result  of  the  above 
calculation.  It  is  in  contrast  to  Ref.  [5]  where  A 
turns  out  to  be  directly  proportional  to  the  con¬ 
ductivity  tensor  a,  whereas  in  our  case  it  is  given 
by  its  derivative  9 a/dNs.  Both  quantities,  how¬ 
ever,  converge  for  vanishing  magnetic  field  since 
here  the  conductivity  is  linear  in  the  carrier  den¬ 
sity.  This  non-linear  relation  between  the  acous¬ 
toelectric  tensor  and  the  carrier  density  is  essen¬ 
tial  for  the  acoustoelectric  effect  in  strong  quan¬ 
tizing  magnetic  fields.  Now,  the  field  components 


Ex  and  Ey  can  be  calculated: 


-LLl 

«N,\ 


9(7, 


vp 


yx 


E  = 


s 

/•r 

ceNc 


dv 


+ 


8<A; 

dv 


vp 


dv 


+  vp 


da , 


yx 


yy 


dv 


(10) 


86 


A.  Esslinger  et  al.  /  Surface  Science  305  (1994)  83-86 


where  we  express  the  carrier  density  Ns  in  terms 
of  the  Landau  filling  factor  v  =Nsh/eB  using 

da  da  dv  v  da 

dNs  dv  dN s  Ns  dv  ^  ^ 

Eq.  (10)  can  be  regarded  as  an  extension  of  the 
famous  Weinreich  relation  [8]  both  taking  into 
account  the  tensor  nature  of  the  conductivity  as 
well  as  its  nonlinear  dependence  on  the  carrier 
density  of  a  2DES  in  strong  quantizing  magnetic 
fields. 

Experimentally,  the  resistivity  tensor  is  easily 
accessible,  and  hence  Ex  and  Ey  can  be  calcu¬ 
lated  in  order  to  compare  the  results  with  the 
experiments.  This  is  shown  in  Fig.  1  (dotted  lines) 
and  in  Fig.  lb  only  using  the  SAW  intensity  I  as 
fit  parameter.  Especially  for  the  transverse  field 
Ey  the  agreement  is  very  good.  The  bipolar  peaks 
are  well  explained  by  the  oscillating  derivative 
daxx/dv  which  changes  sign  at  integer  filling  fac¬ 
tors.  It  should  be  noted,  however,  that  standard 
DC  measurements  probe  the  conductivity  of  edge 
states  rather  than  SAW  experiments  where  the 
conductivity  of  the  bulk  of  the  2DES  is  important 
whenever  the  sample  size  is  larger  than  the  SAW 
wavelength.  This  fact  might  be  the  origin  of  the 
deviations  between  the  experiment  and  the  calcu¬ 
lations  at  present,  e.g.,  in  Figs,  la  and  lb  around 
8  T.  The  asymmetry  of  the  double  peaks  of  Ex  in 
Fig.  la  is  related  to  a  well-understood  asymmetry 
in  the  SAW  attenuation  caused  by  a  sometimes 
unavoidable  small  inhomogeneity  of  the  carrier 
density  across  the  sample  [2].  This  asymmetry  is 
less  pronounced  for  the  sample  S2  as  presented 
in  Fig.  2. 

In  summary,  we  observe  giant  quantum  oscilla¬ 
tions  in  the  sound-induced  acoustoelectric  fields 


caused  by  an  interaction  between  a  surface 
acoustic  wave  and  a  high  mobility  2DES  in  a 
piezoelectric  GaAs/AlGaAs  heterojunction.  The 
acoustoelectric  effect  in  a  2DES  under  the  condi¬ 
tions  of  the  integer  and  fractional  quantum  Hall 
effect  is  quantitatively  explained  using  a  model 
that  can  be  regarded  as  an  extension  of  the 
Weinreich  relation  originally  formulated  for 
three-dimensional  systems  in  the  absence  of  a 
magnetic  field.  The  important  difference  is  the 
non-monotonic  dependence  of  the  diagonal  com¬ 
ponent  of  the  magnetoconductivity-tensor  on  the 
carrier  density  (or  the  Landau-level  filling)  in 
strong  quantizing  magnetic  fields. 
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Abstract 

We  have  made  the  first  measurements  of  the  energy  gap  responsible  for  the  fractional  quantum  Hall  effect 
(FQHE)  using  ballistic  acoustic  phonons.  This  novel  technique  allows  us  to  measure  the  FQHE  energy  gap  at  the 
magnetoroton  minimum  of  the  excitation  spectrum.  The  gaps  measured  by  this  technique  are  comparable  to  those 
deduced  for  high-quality  samples  from  the  temperature  dependence  of  the  activated  magnetoresistance  and  by 
optical  luminescence  studies.  At  a  filling  factor  of  2/3  at  9  T  we  find  an  energy  gap  of  6.1  K  close  to  the  theoretical 
value. 


1.  Introduction 

The  accepted  explanation  of  the  fractional 
quantum  Hall  effect  (FQHE)  requires  the  exis¬ 
tence  of  an  energy  gap  for  excitations  from  the 
two-dimensional  quantum  liquid  ground  state.  A 
theory  for  the  collective  excitations  was  proposed 
by  Girvin  et  al.  [1]  which  draws  close  analogies 
with  Feynman’s  theory  [2]  of  the  excitations  of 
superfluid  helium.  Using  a  single  mode  approxi¬ 
mation  (SMA)  they  find  that  the  dispersion  rela¬ 
tion  for  collective  excitations  A(q)  has  a  finite 
gap  at  q  =  0  and  a  minimum,  Amin ,  at  q*  -  1.3 //c, 
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where  lc  is  the  cyclotron  length;  Amin  is  approxi¬ 
mately  A( 0)/2.  The  excitations  near  this  mini¬ 
mum  are  known  as  magnetorotons  in  analogy 
with  rotons  in  superfluid  helium.  The  energy  of 
the  excitations  is  lowered  for  a  real  two-dimen¬ 
sional  system  relative  to  an  ideal  system  due  to 
the  finite  spread  of  the  wave  functions  in  the 
vertical  direction  [1],  Landau  level  mixing  [3]  and 
disorder  [4]. 

Experimentally,  this  energy  gap  has  previously 
been  measured  in  two  ways.  Firstly  the  gap  was 
determined  by  measuring  the  temperature  depen¬ 
dence  of  the  longitudinal  magnetoresistance  ( Rxx ) 
at  a  rational  filling  factor.  This  gap,  which  is  due 
to  thermally  excited  quasiparticles  depends 
strongly  on  the  mobility  of  the  sample  [5]  and  the 
activation  measurements  of  Rxx  are  comparable 
to  the  theoretical  values  only  in  the  highest  mo¬ 
bility  heterojunctions.  The  second  approach  has 
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been  to  use  magneto-optical  methods  to  measure 
the  mean  energy  of  the  electrons  [6].  These  mea¬ 
surements  suggest  an  energy  gap  comparable  to 
the  theoretical  values  once  the  overlap  of  the 
electronic  states  with  the  acceptors  is  taken  into 
account.  In  neither  case  is  it  clear  exactly  which 
gap  is  being  measured.  By  using  ballistic  phonons 
we  believe  we  can  probe  the  dispersion  curve 
close  to  the  magnetoroton  minimum. 


2.  Experimental  details 

The  3  mm  X  2  mm  Hall  bars  were  fabricated 
from  GaAs /(AlGa)As  heterojunctions  with  a  typ¬ 
ical  carrier  density  after  illumination  of  1.5  X 
10ucm-2  and  a  mobility  of  1  X  106cm2  V-1  s-1. 
The  polished  back  face  of  the  0.4  mm  thick  wafer 
had  two,  50  fl  constantan  heaters  (60  fxm  X 
600  |xm),  evaporated  onto  it  (see  Fig.  1).  One  of 
the  heaters  was  positioned  over  the  edge  of  the 
Hall  bar,  the  other  over  its  centre.  The  sample 
was  mounted  in  vacuum  on  a  dilution  refrigerator 
with  a  base  temperature  around  40  mK  in  mag¬ 
netic  fields  <17.4T. 

A  burst  of  nonequilibrium  ballistic  phonons 
was  generated  by  applying  a  100  ns  electrical  pulse 
to  one  of  the  heaters.  The  repetition  rate  was 
kept  low  (1  kHz)  to  ensure  the  temperature  of  the 
2DEG  remained  close  to  the  lattice  temperature. 
The  spectral  distribution  of  emitted  phonons  can 
be  estimated  by  assuming  that  it  corresponds  to 
the  emission  from  a  black  body  at  the  tempera- 


Fig.  1.  Schematic  diagram  of  the  experiment. 


ture  of  the  heater.  This  distribution  can  be  de¬ 
rived  from  the  total  power  dissipated  in  it  using 
acoustic  mismatch  theory  [7].  These  phonons  were 
incident  upon  the  2DEG  through  which  a  con¬ 
stant  bias  current  was  flowing.  A  corresponding 
increase  in  the  longitudinal  voltage  was  detected. 
Assuming  the  voltage  pulse  to  be  proportional  to 
the  phonon  absorption  we  can  measure  the  ab¬ 
sorption  as  a  function  of  magnetic  field  and  heater 
temperature.  In  particular  we  can  measure  the 
dependence  of  absorption  on  the  heater  tempera¬ 
ture  with  the  magnetic  field  fixed  so  that  the 
system  is  at  a  filling  factor  of  2/3. 


3.  Results 

We  find  no  qualitative  difference  between  the 
heater  over  the  edge  of  the  sample  and  the  one 
positioned  over  the  bulk  of  the  sample.  This  may 
be  due  to  the  high  current  (50-100  nA)  used  in 
these  experiments  which  will  result  in  a  signifi¬ 
cant  proportion  of  the  current  flowing  in  the  bulk 
of  the  sample  rather  than  at  the  edges.  As  will  be 
discussed  later  it  may  also  be  the  case  that  phonon 
focusing  is  unimportant,  allowing  both  heaters  to 
affect  the  whole  sample.  The  following  results  are 
from  experiments  in  which  only  the  heater  over 
the  centre  of  the  sample  was  used.  The  results 
were  found  to  be  independent  of  the  measure¬ 
ment  current. 

When  the  device  was  in  a  FQH  state  the 
phonon  absorption  signal  was  a  minimum.  By 
varying  the  heater  temperature,  the  transient 
change  in  Rxx ,  which  we  take  to  be  proportional 
to  the  phonon  absorption,  could  be  measured. 
This  phonon  absorption  signal  is  shown  in  Fig.  2, 
for  a  filling  factor  of  2/3  (9T)  along  with  a  fitted 
theoretical  curve  that  will  be  explained  in  the 
next  section.  A  simple  intuitive  theory  that  gives 
almost  the  same  result  demonstrates  the  basic 
physics.  If  phonons  are  only  absorbed  at  the 
density-of-states  peak  at  the  magnetoroton  mini¬ 
mum  then  the  size  of  the  signal  will  be  propor¬ 
tional  to  the  phonon  distribution  function  at  an 
energy  -fmin,  i.e.  proportional  to  l/[exp (Amin/ 
kBT)  -  1],  This  curve  fits  the  data  extremely  well 
and  gives  a  value  Amm  =  6.8  ±  0.5  K  compared  to 
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Heater  Temperature,  Th/K 

Fig.  2.  Experimental  absorption  data  (•)  for  v  =  2/3  (9T), 
with  the  fitted  theoretical  curve  (solid  line)  with  Am-m  =  6.1  K, 
\i  =  5.65meff. 


a  value  of  6.1  ±  0.5  K  obtained  from  the  detailed 
analysis.  At  a  filling  factor  of  1  /3,  measured  with 
a  different  carrier  density  so  that  the  minimum  of 
Rxx  is  at  a  similar  value  of  magnetic  field  to  the 
data  shown  above,  we  obtain  a  similar  value  for 
the  energy  gap. 

This  energy  gap  measured  by  phonon  absorp¬ 
tion  is  far  greater  than  the  activated  energy  gap 
of  2.2  K  derived  from  the  temperature  variation 
of  the  minimum  of  Rxx  using  Rxx  a  exp (-Agap/ 
2 kBT).  However,  the  phonon  absorption  energy 
gap  is  comparable  with  values  obtained  from  op¬ 
tical  measurements  [6]  and  transport  measure¬ 
ments  in  very  high  mobility  heterojunctions  [5]. 
We  therefore  ascribe  this  discrepancy  to  differ¬ 
ences  in  the  way  that  disorder  affects  the  two 
types  of  measurement. 

Interpretation  of  the  results  at  a  filling  factor 
of  3/5  is  less  clear.  The  fitting  procedure  out¬ 
lined  above  does  not  provide  a  good  fit  even  at 
very  low  energy  gaps.  We  suggest  that  this  may  be 
because  the  minimum  of  Rxx  is  always  nonzero 
in  this  sample  unlike  the  minima  at  1/3  and  2/3 
which  are  very  deep.  As  a  result  there  are  always 
thermal  excitations  present  which  can  also  absorb 
the  phonons. 


4.  Analysis  and  discussion 

We  can  model  the  system  as  a  2DEG  embed¬ 
ded  in  an  elastic  medium.  As  we  are  only  inter¬ 
ested  in  the  interaction  with  long-wavelength 


phonons  we  can  use  the  isotropic  Debye  approxi¬ 
mation;  the  consequent  neglect  of  phonon  focus¬ 
ing  will  be  justified  later.  The  rate  of  energy 
transfer  from  the  phonon  pulse  to  the  2DEG  is 
given  by  Fermi’s  golden  rule  as 

=  E/  -^K<os(Q)ns(Q)\Ms(Q)\2S(q,<o), 

s  J  (2tt) 

(1) 

where  cos(Q)  is  the  frequency  of  phonons  of  po¬ 
larization  s  =  (LA,TA1,TA2)  and  the  (3D)  wave 
vector  Q  =  (q,qz\  ns(Q)  is  the  number  of  phonons 
in  the  given  mode  interacting  with  the  2DEG, 
MS(Q )  is  the  effective  coupling  between  the 
phonons  and  the  2DEG  (including  both  deforma¬ 
tion  and  piezoelectric  effects)  and  S(q,co )  is  the 
dynamic  structure  factor  of  the  2DEG.  The  num¬ 
ber  of  phonons  can  be  estimated  by  solving  the 
Boltzmann  equation  with  a  source  term  repre¬ 
senting  the  injection  of  phonons  by  the  heater. 
When  the  2DEG  is  at  filling  factor  of  the  form 
v  =  1  /(2m  +  1)  (and  v  =  1  —  1  /(2m  +  1)  by  par¬ 
ticle-hole  symmetry)  the  single  mode  approxima¬ 
tion  gives  a  particularly  simple  form  for  the  dy¬ 
namic  structure  factor 


S(q,a>)=s(q)8(co-A(q))  (2) 

where  s(q )  is  the  projected  static  structure  factor, 
which  can  be  obtained  purely  from  the  form  of 
the  ground  state  wave  function.  Girvin  et  al.  [1] 
used  the  variational  wave  function  of  Laughlin  [8] 
to  find  this  and  hence  the  magnetoroton  disper¬ 
sion  A(q).  The  fact  that  s(q)  vanishes  for  small 
and  large  q  means  that  we  can  use  the  approxi¬ 
mate  parabolic  form 


A(q)=Amin  + 


fi2(g~g*)2 

2/jl 


(3) 


The  numerical  value  of  Amin  and  ii  depend  on 
the  finite  extent  of  the  2DEG  in  the  vertical 
direction  and  the  inevitable  disorder  in  the  sys¬ 
tem.  We  choose  these  quantities  as  fitting  param¬ 
eters  to  our  experimental  data. 

Fig.  3  shows  the  integrand  Ps(q\  the  rate  of 
absorption  for  phonons  with  an  in-plane  compo- 
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Fig.  3.  Relative  contributions  of  the  LA  and  TA  modes  to 
Ps(q)  as  a  function  of  the  in-plane  wavevector  q  for  Amin  = 
6.1  K,  (i  =  5.65meff. 


nent  of  the  wavevector  in  the  range  [ q ,  q  +  dq] 
for  each  of  the  phonon  modes  at  a  heater  tem¬ 
perature  of  3K  using  the  values  of  Amin  and  fi 
which  best  fit  the  experimental  data  at  v  =  2/3, 
B  =  9.0  T.  It  is  clear  that  the  longitudinal  (LA) 
modes  make  the  dominant  contribution  due  to 
the  frequency  dependence  and  isotropy  of  the 
deformation  potential  coupling;  the  fact  that  the 
LA  modes  are  only  weakly  focused  justifies  our 
use  of  the  isotropic  Debye  approximation  and 
may  partially  explain  why  the  two  heaters  give 
similar  results.  The  origin  of  the  cutoff  in  the  LA 
part  of  the  integrand  can  be  understood  from 
simple  energy  conservation  considerations.  The 
range  of  possible  energies  of  a  phonon  with  a 
given  in-plane  wavevector,  q ,  has  a  lower  limit  set 
by  the  maximum  allowed  angle  of  incidence,  0max 
-  75°;  this  minimum  energy  is  ho)min(q )  =  hcsq/ 
sin  0max  where  cs  is  the  relevant  phonon  velocity. 
If,  for  a  given  value  of  q ,  this  lower  limit  lies 
above  the  magnetoroton  curve  (as  sometimes 
happens  for  LA  phonons)  then  a  phonon  cannot 
be  absorbed  at  that  value  of  q.  Clearly  then,  at 
low  heater  temperatures,  the  absorption  is  going 
to  be  dominated  by  the  excitations  near  the  mag¬ 
netoroton  minimum. 

In  order  to  fit  the  data  the  lowest  data  point  is 
used  to  set  the  absolute  scale.  The  best  fit  to  the 
data  suggests  that  Amin  =  (0.040  ±  0.003)  X  e 2 / 
4Tie0er/c  =  (6.1  ±  0.5)  K.  The  magnetoroton  mass 
is  more  difficult  to  determine  but  we  have  as¬ 
sumed,  on  the  basis  of  the  finite  thickness  correc¬ 


tions  that  it  has  a  value  close  to  6 meff  where  meff 
is  the  effective  mass  of  the  conduction  electrons 
in  GaAs.  The  best  fit  is  obtained  for  fi  =  (5.65  ± 
0.5)meff.  In  our  heterojunction  the  vertical  extent 
of  the  wavefunction  is  characterised  by  a  Fang- 
Howard  parameter  [9],  b~1,  of  approximately 
4  nm.  This  leads  to  a  theoretical  value  of  A(0)  - 
0.1  Xe2/4Tve0erlc  [1]  ignoring  Landau  level  mix¬ 
ing.  Taking  A( 0)  to  be  twice  Amin  we  obtain 
experimentally  a  value  of  0.08  X  e2/4i re0er/c. 


5.  Conclusions 

We  have  observed  absorption  of  ballistic 
phonons  by  a  two-dimensional  electron  system  in 
the  fractional  quantum  Hall  state.  The  energy 
gap  at  v  =  2/3  (9T)  is  found  to  be  6.1  K  even 
though  the  gap  measured  by  the  activated  be¬ 
haviour  of  Rxx  is  only  2.2  K.  The  value  of  6.1  K  is 
in  broad  agreement  with  values  obtained  by  mag¬ 
neto-optical  measurements  and  transport  experi¬ 
ments  in  high-mobility  samples. 
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Abstract 

We  present  experimental  data  on  the  thermoelectric  power  of  a  two-dimensional  electron  gas  in  the  fractional 
quantum  Hall  regime.  The  thermopower  is  shown  to  be  due  to  phonon-drag  and  therefore  reflects  the  coupling  of 
phonons  to  the  electronic  quasiparticle  states.  The  general  behaviour  of  the  thermoelectric  power  as  a  function  of 
applied  magnetic  field  and  temperature  is  compared  to  recent  theoretical  predictions  of  the  electron-phonon  drag 
in  quantizing  magnetic  fields. 


The  thermoelectric  power  (TEP)  of  two-di¬ 
mensional  electron  gases  (2DEG)  in  GaAs / 
Ga^Al^As  heterojunctions  mainly  reflects  the 
coupling  of  the  phonons  to  the  electronic  states, 
as  opposed  to  resistivity  measurements  which  are 
sensitive  to  the  electron-impurity  scattering.  TEP 
measurements  therefore  provide  an  important 
complementary  tool  for  a  better  understanding  of 
the  electronic  states  in  a  2DEG.  At  high  mag¬ 
netic  fields,  where  only  the  lowest  Landau  level  is 
occupied,  and  at  low  temperature,  where  the 
fractional  quantum  Hall  (FQH)  states  develop, 
the  nature  of  the  phonon  coupling  to  the  elec¬ 
tronic  quasiparticles  is  an  especially  interesting 
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problem.  However,  only  experimental  TEP  data 
in  the  integer  quantum  Hall  regime  have  been 
reported  previously  [1,2]. 

The  aim  of  our  experiments  was  the  investiga¬ 
tion  of  the  TEP  of  a  2DEG  in  the  FQH  regime. 
We  will  present  the  overall  behaviour  of  the  TEP 
in  this  region  and  will  show  that  its  variation  as  a 
function  of  magnetic  field  and  temperature  agrees 
qualitatively  with  a  recent  theory  of  the  elec¬ 
tron-phonon  drag  effect  in  an  ideally  pure  2DEG 
[3].  However,  an  experimentally  observed  strong 
decrease  of  the  TEP  in  very  high  magnetic  fields 
(filling  factors  below  1/5)  cannot  yet  be  ex¬ 
plained. 

The  thermoelectric  power  S  of  an  electron 
system  is  due  to  an  applied  temperature  gradient 
VT  which  leads  to  a  thermal  current  jth  =  eVT 
(e  is  the  thermoelectric  tensor).  In  the  steady 
state,  where  no  total  current  is  flowing,  an  oppo- 
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site  current  jel  =  vE  (cr  is  the  conductivity  ten¬ 
sor)  has  to  exist  and  an  electric  field  is  generated 
E  =  SVT  to  produce  this,  leading  to  the  relation: 
S  =  a  1e.  For  high  mobility  samples  and  at  high 
fields,  where  pxx<£pxy,  the  two  independent 
components  of  the  TEP  in  a  2DEG  resulting 
from  this  equation  can  be  simplified  to  Sxx  ~ 
—  eyxpyx  (within  2%  for  our  samples)  and  Syx  ~ 
exxPyx  (within  10%). 

We  have  investigated  the  thermoelectric  prop¬ 
erties  of  three  different  MBE-grown  high  mobil¬ 
ity  samples  (kindly  provided  by  Philips  Research 
Laboratories,  Redhill,  UK;  labeled  G645,  G647 
and  G650  with  electron  concentrations  of  0.86, 
0.43,  and  1.0  X  1015  m"3  and  mobilities  of  230, 
270,  and  190  m2/V  •  s).  The  2DEG  were  grown 
on  a  semi-insulating  GaAs  substrate  with  dimen¬ 
sions  of  about  10  X  3  X  0.5  mm3. 

In  order  to  perform  TEP  measurements,  each 
sample  was  mounted  freestanding  inside  a  vac¬ 
uum.  One  end  was  thermally  anchored  by  solder¬ 
ing  it  with  indium  to  a  copper  arm  which  was  in 
thermal  contact  with  a  3He  bath,  and  a  strain 
gauge  heater  was  glued  to  the  other  end.  By 
passing  a  DC  current  through  the  heater,  a  ther¬ 
mal  gradient  was  established  in  the  sample.  We 
measured  the  temperature  T  and  the  tempera¬ 
ture  gradient  VT  with  two  calibrated  thermome¬ 
ters  glued  on  the  rear  side  of  the  substrate.  Given 
the  known  heating  power,  the  thermal  conductiv¬ 
ity  A  of  the  samples  could  be  calculated.  In  order 
to  check  the  thermometry  in  a  magnetic  field  we 
have  measured  A  at  various  fields;  we  did  not 
observe  any  significant  change  as  a  function  of 
the  field. 

The  thermal  conductivity  of  sample  G647  at 
zero  magnetic  field  is  shown  in  the  insert  of  Fig. 
1.  For  all  three  samples  the  measured  heat  con¬ 
ductivities  behave  in  a  quantitatively  similar  way 
and  are  found  to  be  close  to  the  theoretically 
expected  T3  dependence  in  the  boundary  scatter¬ 
ing  limit.  The  slight  deviation  from  T3  is  consis¬ 
tent  with  earlier  published  data  [1]. 

The  thermopower  Sxx  and  the  Nernst-Et- 
tingshausen  coefficient  Syx  were  measured  with  a 
phase-sensitive  lock-in  technique  by  applying  an 
AC  heating  at  12  Hz.  We  verified  that  the  ther¬ 
mal  response  of  the  system  was  fast  enough  to 


Fig.  1.  The  phonon-drag  thermopower  at  zero  magnetic  field 
for  three  different  samples.  The  insert  shows  the  measured 
heat  conductivity  of  the  GaAs  substrate  of  G647. 

follow  this  frequency  by  obtaining  the  same  re¬ 
sults  for  5-30  Hz,  as  well  as  with  a  DC  method. 

Generally  the  TEP  is  the  sum  of  two  contribu¬ 
tions:  the  diffusion  of  the  charge  carriers,  and  the 
drag  of  these  carriers  by  phonons.  At  zero  mag¬ 
netic  field  the  diffusion  contribution  to  the  TEP 
can  be  written  as  Sd  =  —  {rrr2k/?>e)(p  3-  1  )(T/TF) 
(TF  being  the  Fermi  temperature  and  p  ~  1  ex¬ 
pressing  the  energy  dependence  of  the  electron 
scattering)  [4].  For  our  samples  at  1  K  we  expect 
Sd  to  have  a  magnitude  between  14  and  30  aiV/K 
(taking  p  =  1).  The  experimental  magnitudes  are 
at  least  an  order  of  magnitude  higher  and  the 
temperature  dependence  is  much  faster  than  lin¬ 
ear,  showing  that  the  phonon  drag  TEP  is  the 
dominant  contribution  in  the  temperature  range 
explored.  We  believe  that  this  remains  true  in  a 
magnetic  field  (though  little  is  known  about  the 
diffusion  component  in  the  FQH  regime)  and  so 
the  TEP  will  continue  to  reflect  the  coupling  of 
the  phonons  to  the  electronic  quasiparticle  states. 

The  zero  field  phonon  drag  TEP  Sg  (i.e  the 
experimentally  measured  TEP  after  subtracting 
the  above  described  diffusion  contribution  using 
p  =  1)  is  plotted  in  Fig.  1.  In  the  simplest  model, 
the  phonon-drag  TEP  is  expected  to  vary  as  T3 
[5]  (which  gives  references  to  more  detailed  treat¬ 
ments;  see  also  Refs.  [6,7]).  At  higher  tempera¬ 
tures  the  TEP  begins  to  saturate  because  phonons 
with  Aj|  >  2k  F  can  no  longer  couple  to  the  2DEG 
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(k j|  is  the  component  of  the  phonon  wave  vector 
in  the  plane  of  the  2DEG,  and  kF  is  the  Fermi 
wave  vector  of  the  two-dimensional  electrons). 

In  Fig.  2  we  show  the  measured  quantities  Sxx 
and  in  a  magnetic  field.  At  lower  fields,  i.e.  in 
the  integer  quantum  Hall  region,  the  TEP  Sxx  as 
well  as  the  Nernst-Ettingshausen  coefficient  Svr 
show  an  oscillatory  behaviour,  the  latter  resem¬ 
bling  the  derivative  of  the  former  with  respect  to 
magnetic  field.  This  behaviour  has  been  reported 
for  many  different  samples  [1,7].  In  this  region 
standard  theory  explains  the  occurrence  as  well 
as  the  magnitude  of  the  maxima  in  Sxx  [8], 
whereas  Syx  is  expected  to  be  zero.  A  recent 
theory  which  relates  the  thermoelectric  tensor  to 
the  derivative  of  the  conductivity  with  respect  to 
filling  factor  [9]  can  explain  the  oscillations  of  Svr 
and  its  proportionality  to  the  derivative  of  Sxx 
with  respect  to  magnetic  field. 

At  higher  magnetic  fields,  when  the  FQH  ef¬ 
fect  becomes  visible,  several  interesting  features 
appear  in  the  TEP.  Some  have  been  reported 


l/v 
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Fig.  2.  (a)  The  TEP  Sxx  of  G647  for  different  temperatures; 
the  dotted  line  represents  schematically  the  theoretical  varia¬ 
tion  with  only  polar  interaction;  the  broken  line  includes  the 
deformation  potential,  (b)  The  Nernst-Ettingshausen  coeffi¬ 
cient  Sxy  of  G647  for  different  temperatures  with  the  ratio 
jx /jy  of  the  thermally  induced  currents  in  the  insert. 


Fig.  3.  The  low  temperature  TEP  Sxx  for  two  samples  show¬ 
ing  several  well  pronounced  fractions. 

elsewhere  [7],  and  we  shall  restrict  ourselves  here 
to  a  brief  outline.  Fractional  filling  factors  (mainly 
1/3  and  2/3,  and  below  0.5  K  also  1/5  and  2/5) 
are  visible  in  the  thermopower  Sxx  and  the 
Nernst-Ettingshausen  coefficient  Syx  (Fig.  3), 
roughly  comparable  to  their  visibility  in  the  resis¬ 
tivities  pxx  and  pxy  at  similar  temperatures.  This 
means  that  the  phonons  cannot  couple  to  the 
fractional  states,  but  only  to  the  thermally  excited 
quasiparticles.  However,  apart  from  the  minima, 
the  TEP  in  the  FQH  regime  is  found  to  behave 
differently  from  the  integer  regime  and  also  dif¬ 
ferently  as  compared  to  resistivity.  For  example, 
in  the  FQH  regime  the  Nernst-Ettingshausen 
coefficient  Syx  no  longer  resembles  the  field 
derivative  of  Sxx,  as  is  the  case  in  the  integer 
quantum  Hall  regime,  and  in  particular  does  not 
change  sign  when  Sxx  crosses  fractional  minima. 

Moreover  Syx  is  found  to  be  unexpectedly 
large,  whereas  for  high  mobility  samples  we  ex¬ 
pect  it  to  be  close  to  zero,  which  might  be  ex¬ 
plained  as  follows.  Due  to  the  Lorentz  force  a 
phonon  flux  in  the  x-direction  induces  a  thermal 
electron  current  turned  by  the  Hall  angle,  i.e.  for 
Pxx  ^  Pxy  perpendicular  to  it.  This  current  must 
be  compensated  by  a  counter  current  due  to  an 
electric  field  which  is  again  perpendicular  to  its 
resulting  current.  Therefore  the  electric  field 
points  in  the  direction  of  the  thermal  gradient. 
For  a  Hall  angle  0  slightly  below  90°,  the  ther¬ 
mally  induced  current  should  be  turned  by  about 
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90°-<9  with  respect  to  the  perpendicular  direc¬ 
tion  to  the  thermal  gradient  which  corresponds  to 
at  most  2°  for  the  present  data.  This  is  essentially 
why  Syx  is  expected  to  be  zero.  In  fact,  in  the 
FQH  regime,  except  in  the  narrow  field  regions 
where  the  fractions  develop,  we  observe  a  con¬ 
stant  ratio  Syx/Sxx  «  -exx/eyx  ~  0.35,  nearly  in¬ 
dependent  of  magnetic  field  and  temperature  (see 
insert  in  Fig.  2c;  the  slight  increase  at  higher 
fields  is  probably  due  to  a  decrease  of  the  Hall 
angle).  The  effective  electric  field  is  thus  turned 
by  an  angle  of  about  20°  with  respect  to  the 
temperature  gradient.  This  effect  may  be  due  to 
the  phonon  anisotropy  in  the  GaAs  substrate 
which  has  already  been  observed  at  zero  field 
[10]. 

Finally,  the  TEP  is  seen  to  change  dramatically 
when  passing  through  the  fractional  minimum  at 
v  =  1  /3,  especially  at  temperatures  below  1  K. 
The  TEP  increases  roughly  by  a  factor  of  two 
from  above  v  =  1/3  to  below  v  =  1/3.  At  lower 
temperatures,  and  particularly  in  samples  other 
than  presented  in  Fig.  2,  the  TEP  has  actually 
been  shown  to  be  nearly  field  independent  for 
2/3  <  v  <  1/3,  as  well  as  for  v  <  1/3  [7].  In  this 
previous  paper  it  was  concluded  that  the  elec¬ 
tronic  quasiparticle  states  are  subjected  to  a  dif¬ 
ferent  electron-phonon  interaction  below  and 
above  1  /3.  This  might  be  due  to  a  change  in  their 
cohesive  energy  [11]  leading  to  a  change  in  the 
thermodynamic  properties  of  the  quasiparticle 
system  [12]. 

In  the  following  we  concentrate  on  the  overall 
behaviour  (i.e.  outside  the  regions  where  the 
FQHE  minima  develop)  of  the  TEP  in  the  quan¬ 
tum  limit  as  a  function  of  field  and  temperature. 
Although  we  present  data  mainly  for  the  lowest 
concentration  sample  G647,  we  emphasize  that 
all  the  main  features  were  also  observed  in  the 
other  samples.  Indeed  from  the  somewhat  limited 
number  of  samples  that  we  have  examined,  we 
tentatively  conclude  that  the  behaviour  of  Sxx  at 
high  fields  appears  to  be  universal. 

An  obvious  feature  is  that  Sxx  (Fig.  2a)  is 
remarkably  high,  reaching  values  of  up  to  70 
mV /K  for  the  presented  data  of  sample  G647  at 
a  filling  factor  of  about  v  ~  0.2,  much  higher  than 
expected  by  conventional  theory  [13]. 


Although  we  cannot  yet  explain  the  absolute 
values  of  the  TEP  in  the  FQH  regime,  we  at¬ 
tempt  to  describe  its  general  variation  using  a 
recent  theory  which  calculates  the  phonon-drag 
induced  current  in  an  ideal  2DEG  [3].  Since  for 
high  mobility  samples  pyx  is  accurately  given  by 
pyx  =B/ne  aB  (n  is  the  electron  concentration), 
Sxx  ~  ~eyxpyx  reflects  the  properties  of  the  fun¬ 
damental  thermoelectric  quantity  eyx,  i.e.  of  the 
phonon-drag  induced  current  perpendicular  to 
the  thermal  gradient,  and  the  theoretically  pre¬ 
dicted  drag  current  can  be  directly  compared 
with  our  experimental  TEP  data. 

The  relevant  temperature  scale  for  the  phonon 
drag  TEP  in  a  magnetic  field  is  defined  by  the 
ratio  between  the  thermal  energy  kT  and  the 
characteristic  energy  hv // B  of  the  phonons  which 
couple  to  the  2DEG  (/B  is  the  magnetic  length 
and  v  the  phonon  velocity),  giving  a  characteristic 
temperature  T*  =  hv/klB.  At  fixed  magnetic  field 
and  for  very  low  temperatures  (T  <<  T*),  the 
drag  current  ;drag  is  predicted  to  be  proportional 
to  T5  [3].  In  the  intermediate  temperature  range 
of  0.05  <T/T*  <0.4,  ydrag  varies  approximately 
linearly  with  temperature.  Finally,  for  high  tem¬ 
peratures  (T>  T*)  it  saturates  at  a  value  ;max. 
This  dependence  f(kTlB/hv )  of  /drag  is  repre¬ 
sented  in  Fig.  4  for  an  arbitrarily  chosen  satura¬ 
tion  value  ymax.  Comparing  the  predicted  temper- 


Fig.  4.  The  temperature  dependence  of  Sxx  of  G647  at 
different  magnetic  fields  compared  to  the  theoretically  ex¬ 
pected  phonon-drag  current. 
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ature  dependence  of  /drag  with  the  experimentally 
measured  values  of  Sxx  (we  do  not  pretend  to 
explain  in  detail  the  field  dependence  of  Sxx  a 
/drag#)?  we  get  good  agreement  between  the  ex¬ 
perimental  and  theoretical  variations  even  in  the 
high  field  range  {v  <  0.2,  B  >  10  T),  where  the  B 
dependence  of  the  TEP  is  not  reproduced  by  the 
theory  (see  below). 

The  magnetic  field  dependence  of  the  phonon 
drag  current  is  predicted  to  be  given  by  [3]: 

/drag  CCj'(1->');B1/( kTlB/hv ) ( 1  +  8) 

(v  a  1/B  is  the  filling  factor,  8  depends  on  the 
ratio  between  deformation  potential  and  polar 
interaction).  Using  Sxx  ajdmgB,  being  in  a  range 
where  /drag  varies  linearly  with  kTlB/hu ,  and 
supposing  only  a  polar  interaction  (5  =  0),  the 
magnetic  field  dependence  of  the  TEP  will  then 
be  Sxx  a  (1  -  v).  We  have  plotted  schematically 
the  corresponding  curve  in  Fig.  2a  (dotted  line). 
For  higher  fields  (/B  <  100  A),  the  deformation 
potential  interaction  becomes  dominant,  and  the 
theoretical  variation  including  this  interaction  is 
also  schematically  represented  by  the  broken  line 
in  Fig.  2a.  Up  to  filling  factors  of  v  ~  1/4  the 
theoretical  and  experimental  variations  agree 
well,  i.e.,  the  TEP  begins  to  rise  rapidly  on  enter¬ 
ing  in  the  FQH  regime  and  tends  to  level  off  at 
filling  factors  below  1/2.  However,  at  filling  fac¬ 
tors  lower  than  v  ~  0.2,  the  experimental  TEP 
begins  to  decrease  again;  there  is,  to  our  knowl¬ 
edge,  no  current  theory  which  can  explain  this 
behaviour. 

In  summary,  the  low  temperature  TEP  of 
2DEG  in  three  different  GaAs/Ga^^Al^As 
heterojunctions  has  been  measured  in  high  mag¬ 
netic  fields  at  temperatures  below  1  K.  We  have 
shown  that  the  TEP  is  due  to  phonon-drag  and 
therefore  reflects  the  nature  of  the  phonon  cou¬ 
pling  to  the  electronic  states.  The  general  be¬ 


haviour  was  found  to  be  in  good  agreement  with 
recent  theoretical  calculations.  However,  numer¬ 
ous  features  are  still  not  fully  understood. 
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Abstract 

The  metal-insulator  transition  in  a  2D  electron  gas  of  Si  MOSFETs  has  been  investigated.  In  the  extreme 
quantum  limit,  the  phase  boundary  in  the  H ,  Ns  plane  has  been  found  to  be  a  straight  line  with  the  slope 
vc  =  0.53  ±  0.01.  Transport  properties  of  the  insulating  phase  have  proven  to  be  unexpectedly  similar  to  those  of  the 
insulating  phase  in  GaAs/AlGaAs  heterostructures  where  magnetically  induced  Wigner  solid  formation  has  been 
reported.  Strongly  nonlinear  current-voltage  characteristics  with  linear  V(I )  dependence  below  some  threshold 
voltage,  Vc,  and  saturation  at  V>  Vc  were  observed.  The  longitudinal  resistance  corresponding  to  the  linear  part  of 
the  I-V  characteristics  demonstrates  an  activated  temperature  dependence.  Knowing  the  values  of  the  threshold 
voltage  and  activation  energy  we  obtain  a  characteristic  length  that  is  large  compared  to  the  distance  between 
electrons,  which  excludes  a  single-electron  picture  of  nonlinearity.  The  similarity  of  transport  properties  strongly 
suggests  the  same  physical  nature  of  the  insulating  phases  in  Si  inversion  layers  and  GaAs/AlGaAs  heterostruc¬ 
tures.  However,  the  value  of  vc  is  somewhat  surprising  since,  in  the  presence  of  a  long-range  potential,  the 
percolation  metal-insulator  transition  is  expected  at  precisely  this  filling  factor.  The  percolation  transition  is 
considered  as  an  alternative  explanation  of  the  observed  effects. 


At  sufficiently  small  Landau-level  filling  fac¬ 
tor,  v ,  the  ground  state  of  an  ideal  2D  electron 
system  is  expected  to  be  a  Wigner  crystal  (see, 
e.g.,  Refs.  [1-3]).  Another  possible  ground  state 
in  the  extreme  quantum  limit  is  the  incompress¬ 
ible  electron  liquid  responsible  for  the  fractional 
quantum  Hall  effect.  Competition  between  these 
ground  states  defines  behavior  of  disorderless  2D 
electron  systems  in  a  high  magnetic  field.  The 
state  of  a  real  2D  electron  gas  is  determined  by 
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the  relation  between  the  energy  of  the  electron- 
electron  interaction  and  the  amplitude  of  the 
random  potential.  Anderson  localization  of  elec¬ 
trons  is  expected  in  a  strong,  short-range  random 
potential  while  the  percolation  transition  can  oc¬ 
cur  in  a  long-range  one.  In  the  latter  case,  mag¬ 
netic  freeze-out  is  expected  at  v  close  to  1  /2  [4]. 

In  pioneering  work  [5,6]  it  has  been  experi¬ 
mentally  shown  that  in  the  extreme  quantum 
limit,  a  magnetic  field  does  promote  an  insulating 
phase  in  silicon  metal-oxide-semiconductor 
field-effect  transistors  (MOSFETs).  Later,  the 
peak  of  experimental  activity  was  transferred  to 
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investigations  of  magnetic-field-induced  metal- 
insulator  transitions  in  high-mobility  GaAs/Al 
GaAs  heterostructures  (see,  e.g.,  Refs.  [7,8],  and 
references  therein).  In  the  majority  of  cases,  the 
results  have  been  interpreted  as  evidence  for  a 
pinned  electron  solid  although  some  doubts  about 
this  interpretation  were  expressed  in  Ref.  [7]. 

In  this  paper  we  report  magnetotransport  data 
for  the  insulating  phase  in  high-quality  Si  MOS- 
FETs  in  the  extreme  quantum  limit.  The  results 
have  proved  to  be  unexpectedly  similar  to  those 
for  a  2D  electron  gas  at  v  around  1/5  [7]  and  a 
hole  gas  at  v  around  1/3  [8]  in  GaAs/AlGaAs 
heterostructures,  as  well  as  for  Si  MOSFETs  in 
zero  and  low  magnetic  field  [9,10],  which  suggests 
the  same  physical  origin  of  the  insulating  states  in 
these  systems. 

Measurements  were  made  on  three  Si  MOS¬ 
FETs  from  different  wafers.  Peak  mobilities  were 
Mpeak  ~  3  X  104  cm2/V  •  s  at  temperature  T=  1.3 
K.  All  samples  were  of  the  Hall-bar  geometry 
(0.25  X  2.5  or  0.8  X  5  mm2)  with  distances  be¬ 
tween  the  nearest  potential  probes  of  0.625  and 
1.25  mm,  respectively.  The  results  obtained  for 
different  samples  were  qualitatively  similar.  Ex¬ 
periments  were  carried  out  in  a  dilution  refriger¬ 
ator  TLM-400  with  a  base  temperature  of  ~  25 
mK.  Most  of  the  results  were  obtained  by  a 
four-terminal  DC  technique  using  two  KEITH- 
LEY  614  DVMs  as  high-input-resistance  pream¬ 
plifiers. 

Typical  experimental  traces  are  shown  in  Fig. 
1.  At  some  critical  electron  density,  Nc,  the  non- 
dissipative  current  through  the  lowest  quantum 
level  disappears  and  the  resistivity  pxx  grows 
abruptly.  In  high  magnetic  field,  the  rise  of  pxy 
starts  at  lower  density  than  that  of  pxx  so  that  the 
intersection  point  of  these  curves  is  close  to  26 
kfl.  The  growth  of  resistances  indicates  a  transi¬ 
tion  into  an  insulating  phase. 

The  value  of  resistance  corresponding  to  the 
metal-insulator  transition  should  be  referred  to 
the  critical  density  of  electrons,  Nc,  at  which  the 
temperature  dependence  of  pxx  switches  between 
insulator-  and  metal-like.  The  critical  resistivity, 
pc,  has  proven  to  be  close  to  100  kf 1.  We  used 
this  value  to  determine  the  position  of  metal-in¬ 
sulator  transitions  in  different  magnetic  fields. 


Fig.  1.  Experimental  dependences  of  resistivities  pxx  and  pxy 
on  the  electron  density.  The  value  of  pxx  is  enlarged  by  a 
factor  of  5.  The  vertical  dashed  line  separates  regions  where 
different  experimental  techniques  were  used.  H  =  16  T;  T  — 
100  mK. 

The  complete  phase  diagram,  including  low  mag¬ 
netic  fields,  is  shown  in  Fig.  2.  At  high  magnetic 
fields  the  dependences  NC(H)  for  all  the  samples 
were  straight  lines  with  the  slope  vz  = 
(hc/e)  dNc/dH  =  0.53  ±  0.01.  One  can  see  that 
deviation  from  the  linear  dependence  begins  at 
filling  factor  v  >  1  (the  phase  boundary  at  filling 
factors  v  >  1  was  investigated  in  detail  in  Ref. 
[11]). 

Typical  l-V  characteristics  in  the  high-field, 
low-p  limit  are  shown  in  Fig.  3.  In  the  vicinity  of 


Fig.  2.  Phase  diagram  of  the  metal-insulator  transition.  Solid 
and  open  circles  are  the  experimental  data  taken  on  the 
samples  with  ^peak  =  2.9  X 104  cm_2/V-s  and  3.1  xlO4 
cm_2/V*s,  respectively  for  pc  =  100  kfl.  Dashed  lines  corre¬ 
spond  to  filling  factors  1,  2,  and  4.  Dash-dotted  line  is  a  fit 
after  Ref.  [1].  The  inset  shows,  on  an  expanded  scale,  the 
low-field  region  of  the  phase  diagram.  Triangles  represent  the 
data  determined  at  pc  =  500  kfl. 
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4i  =  o,  v  is  proportional  to  /sc,  while  after  ex¬ 
ceeding  some  critical  value,  Vc,  the  differential 
resistance,  9 V/dl,  drops  abruptly.  Both  Vc  and 
dV/dl  in  the  linear  part  are  functions  only  of  a 
point’s  location  in  the  (//,  Ns)  plane  and  are 
independent  of  the  path  taken  to  this  point.  As 
the  temperature  increases,  the  curves  become 
smooth,  and  at  the  temperature  T  >  300  mK  it  is 
impossible  to  distinguish  a  critical  voltage  at  all. 

Giant  nonlinearity  of  I-V  characteristics  can¬ 
not  be  explained  by  the  heating  of  the  electron 
system.  The  minimal  power  at  which  we  have 
observed  voltage  saturation  ( <  10“ 13  W)  is  too 
small  for  this  nonlinearity  mechanism  to  take 
place;  in  addition,  the  power  dissipated  at  the 
threshold  voltage  changes  strongly  for  different 
H  or  As. 

The  resistance,  R ,  corresponding  to  the  linear 
part  of  the  I-V  characteristics,  displays  an  acti¬ 
vated  temperature  dependence.  The  activation 
energy  increases  when  moving  from  the  phase 
boundary  into  the  insulating  phase,  i.e.,  when 
increasing  the  distance  between  the  point  and 
phase  boundary  in  the  (H,  Ns)  plane.  An  exam¬ 
ple  of  this  dependence  is  shown  in  Fig.  4.  The 
activation  energy,  ea,  is  proportional  to  Nc  —  Ns 
within  the  experimental  accuracy  and  tends  to 
zero  as  the  point  approaches  the  phase  boundary. 

Let  us  now  consider  the  electron  solid  forma¬ 
tion  and  its  depinning  in  the  applied  electric  field 
as  a  possible  origin  for  the  observed  effects.  The 
equations  defining  the  boundary  between  the 
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Fig.  3.  Typical  current-voltage  dependencies  for  different 
temperatures  at  =  2.1  X  1011  cm"2  and  H  =  14  T. 


Fig.  4.  Activation  energy  versus  electron  density  for  different 
magnetic  fields.  Solid  and  dashed  lines  are  calculated  after 
Ref.  [14]  for  magnetic  fields  H  ~  14  T  and  H  =  8  T,  respec¬ 
tively. 

electron  liquid  and  the  Wigner  crystal  were  found 
by  Lozovik  and  Yudson  [1].  It  was  shown  that  in 
high  magnetic  fields  this  boundary  is  a  straight 
line  in  the  ( H ,  Ns)  plane.  Since  the  transport 
properties  of  the  insulating  phase  in  the  extreme 
quantum  limit  are  similar  to  those  in  the  absence 
of  a  magnetic  field  [10,12],  it  seems  reasonable  to 
describe  the  phase  boundary  by  a  unified  law 
over  the  whole  range  of  magnetic  fields.  Assum¬ 
ing  the  existence  of  the  electron  solid  in  zero 
magnetic  field,  we  have  for  the  phase  boundary 
[1]: 

^-=2rc/2^s[1-(^c/Afs)/]  .  (1) 

where  e  is  the  electron  charge,  Nc  =  l/7r(rca*)-2 
is  the  highest  value  of  Ns  for  which  an  electron 
solid  still  exists  in  zero  field,  0*  is  the  Bohr 
radius,  and  rc  is  a  dimensionless  parameter.  The 
result  of  calculations  of  the  phase  boundary  using 
rc  as  a  fitting  parameter  is  shown  in  Fig.  2  by  the 
dash-dotted  line.  The  best  fit  is  obtained  when 
rc  ~  24,  which  seems  to  be  unrealistically  small 
(expected  rc  =  37  ±  5  for  an  ideal  crystal  [13],  the 
low  disorder  leading  to  lower  rc). 

The  vanishing  activation  energy  near  the  phase 
boundary  is  an  indication  of  the  absence  of  a 
first-order  transition  on  the  boundary  line.  Chui 
and  Esfarjani  [14]  have  calculated  the  current 
transferred  by  a  bound  dislocation  pair  created  at 
finite  temperature.  In  agreement  with  Ref.  [14], 
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the  activation  energy  approaches  zero  as  ea  a  vc 
—  v.  The  comparison  of  experimental  results  with 
Ref.  [14]  is  shown  in  Fig.  4.  It  should  be  empha¬ 
sized  that  good  agreement  with  experiment  can 
be  reached  without  any  fitting  parameters. 

The  existence  of  a  threshold  voltage  in  the 
electron  solid  phase  has  been  discussed  in  previ¬ 
ous  papers  (e.g.,  Refs.  [7,9,10]).  The  low-electric- 
field  threshold  conduction  has  been  considered 
to  be  a  result  of  electron  solid  depinning.  As  the 
threshold  voltage  in  our  case  is  of  the  order  of 
that  found  in  Refs.  [9,10],  all  the  arguments  used 
in  those  papers  are  equally  valid  for  the  present 
work  and  exclude  a  single-particle  origin  for  the 
threshold  conduction. 

Despite  the  astounding  similarity  of  the  trans¬ 
port  properties  of  an  insulating  phase  in  Si  MOS- 
FETs  near  v  =  1/2  and  those  in  GaAs/AlGaAs 
heterostructures  around  v  —  1/5  (electron  gas) 
and  v  =  1/3  (hole  gas),  our  results  cannot  iden¬ 
tify  the  insulating  phase  to  be  a  magnetically 
induced  Wigner  solid.  So,  it  is  necessary  to  dis¬ 
cuss  another  possibility  of  explaining  the  experi¬ 
mental  observations. 

In  the  case  of  long-range  potential  fluctua¬ 
tions,  the  boundary  between  metal  and  insulator 
states  should  be  straight  line  with  slope  dNc/dH 
=  e/2 he  [4],  just  as  has  been  found  for  all  our 
samples  (Fig.  2).  The  straight  line  intersects  the 
ordinate  axis  at  the  electron  density  which  can  be 
interpreted  as  the  number  of  electrons  strongly 
coupled  by  positive  ions  at  the  Si-Si02  interface. 
The  density  of  these  ions  agrees  with  the  results 
of  independent  measurements  on  similar  samples 
[15].  The  activation  energy  in  this  model  is  equal 
to  the  energy  gap  between  the  percolation  thresh¬ 
old  and  the  Fermi  level  of  the  electrons  localized 
in  potential  minima.  Hence,  in  accordance  with 
the  experiment,  the  activation  energy  should  van¬ 
ish  on  the  phase  boundary.  In  an  applied  electric 
field,  the  tilting  of  the  potential  relief  leads  to  a 
shift  in  the  occupied  electron  states  towards  the 
saddle  points  of  the  chaotic  potential,  and  at  the 
critical  field  the  area  occupied  by  the  electrons  is 
expanded  up  to  saddle  points.  If  we  assume  the 
characteristic  scale  of  a  cluster  to  be  L  then  this 
critical  value  of  the  electric  field  may  be  esti¬ 
mated  as  Ec  =  ea/eL.  The  measured  E^-IO2 


Fig.  5.  The  dependence  of  threshold  voltage  on  electron 
density  in  magnetic  field  H  -  14  T. 


mV/cm  and  ea~  1  K  correspond  to  L  ~  1  /im. 
Near  the  phase  boundary,  the  cluster  dimension 
diverges  as  L  a  (yc  -  i')-s,  where  s  is  a  critical 
index  (for  2D  system,  s  =  1.34  [16]).  Taking  into 
account  the  experimental  relation  ea  a  (Nc  —  Ns) 
(see  Fig.  4),  one  should  expect  the  threshold 
voltage  AKC  to  be  proportional  to  ( NC~NS)S  +  1 . 
As  can  be  seen  from  Fig.  5,  experimental  depen¬ 
dences  are  close  to  AVC  a  (Nc  -  Ns)2.  The  model 
of  a  long-range  potential  satisfactorily  explains 
the  experimental  results.  However,  the  nature  of 
long-range  fluctuations  in  our  samples  is  unclear. 

In  summary,  we  have  presented  a  study  of 
electronic  transport  in  a  high-mobility  two-dimen¬ 
sional  system  of  Si-MOSFETs  in  the  extreme 
quantum  limit.  In  a  strong  magnetic  field,  the 
phase  boundary  in  the  ( H ,  Ns)  plane  has  been 
found  to  be  a  straight  line  with  the  slope  dNs/dH 
~e/2 he,  corresponding  to  vc  «  1/2  at  H  ->  oo. 
Two  possible  mechanisms  leading  to  metal-insu¬ 
lator  transition  have  been  discussed:  the  electron 
solid  formation  and  the  percolation  transition  in 
a  long-range  chaotic  potential.  Each  of  them  can 
qualitatively  explain  part  of  the  experimental  re¬ 
sults;  however,  neither  one  can  be  unambiguously 
proved  to  take  place.  The  similarity  of  transport 
properties  of  Si  MOSFETs  at  v  <  1/2  and 
GaAs / AlGaAs  heterostructures  around  v  =  1  /5 
(electron  gas)  and  v  =  1/3  (hole  gas)  strongly 
suggests  the  same  physical  nature  of  the  insulat¬ 
ing  phases  in  these  systems. 
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ELSEVIER 


Abstract 

Using  the  Matsubara  formalism,  we  have  examined  the  finite-temperature  perturbation  expansion  series  for  the 
grand  potential  of  interacting  electrons  confined  to  the  lowest  Landau  level  of  a  two-dimensional  electron  gas.  We 
have  evaluated  the  perturbation  expansion  exactly  up  to  the  third  order  for  the  case  of  the  hard-core  interaction 
model.  We  have  also  evaluated  the  infinite-order  subseries  of  the  perturbation  expansion  which  gives  the  leading 
contribution  to  the  grand  potential  at  small  filling  factors.  In  the  zero  temperature  limit  this  class  of  diagrams  leads 
to  a  ground  state  energy  which  has  a  cusp  at  v  —  1  /2. 


1.  Introduction 

In  the  strong  magnetic  field  limit  all  electrons 
in  a  two-dimensional  electrons  gas  can  be  accom¬ 
modated  within  a  single  macroscopically  degener¬ 
ate  Landau  level  and  Landau  level  mixing  by 
interactions  is  negligible.  In  this  limit  the  eigen¬ 
states  of  the  system  are  determined  completely  by 
electron-electron  interactions  and  descriptions  of 
the  electronic  properties  based  on  independent 
electron  notions  fail  qualitatively.  The  occurrence 
of  the  fractional  quantum  Hall  effect  [1]  (FQHE) 
in  this  system  is  an  experimental  consequence  of 
cusps  in  the  dependence  of  the  ground  state 
energy  on  the  Landau  level  filling  factor  v. 
(v=N/Nl  is  the  ratio  of  the  number  of  electrons 
(AO  to  the  number  of  single-particle  states  in  the 
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Landau  level  ( NL ).)  From  the  theory  of  the 
FQHE,  substantial  progress  has  been  made  to¬ 
ward  understanding  the  ground  states  and  the 
lowest  lying  excited  states  of  this  system,  espe¬ 
cially  near  the  filling  factors  where  the  strongest 
cusps  in  the  ground  state  energy  occur  [1].  How¬ 
ever,  little  is  known  about  the  higher-lying  excited 
states  which  control  the  thermodynamic  proper¬ 
ties  of  the  systems,  except  at  low  temperatures,  or 
indeed  about  even  the  ground  state  at  arbitrary 
filling  factors.  In  this  paper,  we  report  prelimi¬ 
nary  results  of  an  attempt  to  study  the  interacting 
2D  electron  gas  in  the  quantum  limit  at  finite 
temperatures  using  the  Matsubara  perturbation 
theory.  Our  hope  is  that  this  effort  will  improve 
our  understanding  of  this  system  over  the  full 
ranges  of  filling  factor  and  of  temperature. 

We  restrict  our  attention  in  this  paper  to  the 
limit  where  the  electrons  are  completely  spin- 
polarized.  Because  of  the  complete  degeneracy  of 
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the  single-particle  energy  levels,  the  only  energy 
scales  in  the  problem  are  the  interaction  energy 
scale,  V,  and  the  thermal  energy  scale  kBT.  There 
is  no  small  parameter  which  may  be  used  to 
estimate  interaction  corrections  to  the  ground 
state  and  the  zero-temperature  many-body  per¬ 
turbation  theory  [2]  cannot  be  applied.  Interac¬ 
tions  can  be  treated  perturbatively  only  by  per¬ 
forming  a  high-temperature  expansion  [3]  in  pow¬ 
ers  of  pV,  where  p  =  l/kBT.  Again,  because  of 
the  Landau  level  degeneracy,  the  terms  in  the 
high  temperature  expansion  for  this  system  are 
generated  directly  by  the  Matsubara  finite-tem¬ 
perature  many-body  perturbation  theory  formal¬ 
ism  [2].  The  diagrammatic  rules  for  the  Matsub¬ 
ara  formalism  are  well  established  and  can  read¬ 
ily  be  adapted  to  the  present  problem  [4]. 

As  discussed  in  more  detail  below,  we  have 
evaluated  the  three  leading  terms  in  a  Matsubara 
expansion  for  the  grand  potential  [5],  These  re¬ 
sults  provide  new  information  about  the  proper¬ 
ties  of  the  strong-magnetic-field  two-dimensional 
electron-gas  system  at  high  and  moderate  tem¬ 
peratures.  However,  the  ultimate  aim  of  our  study 
is  to  understand  the  fractional  quantum  Hall 
effect  from  a  perturbative  point  of  view.  To  reach 
this  goal  it  will  be  necessary  to  obtain  the  ground 
state  energy  as  a  function  of  v,  i.e.  to  obtain 
results  which  capture  the  essential  physics  of  the 
limit  p  ->  oo.  We  have  completed  preliminary  in¬ 
vestigations  of  two  approaches.  One  approach  is 
to  fit  the  leading  terms  in  the  high-temperature 
series  to  a  Pade  approximation  and  extrapolate 
the  result  to  low  temperatures.  In  the  next  sec¬ 
tion  we  discuss  the  evaluation  of  the  three  lead¬ 
ing  terms  in  the  high-temperature  expansion  and 
the  approximation  for  the  ground  state  energy  of 
the  2D  electrons  as  a  function  of  v  which  results 
from  the  corresponding  Pade  approximation.  A 
second  method  for  approximating  the  p  ->  <»  limit 
is  to  identify  subsets  of  diagrams  which  can  be 
summed  to  infinite  order  and  which  capture  the 
essential  physics  of  the  system  at  low  tempera¬ 
tures.  In  Section  3,  we  discuss  the  evaluation  of 
the  infinite  set  of  particle-particle  ladder  dia¬ 
grams.  We  will  argue  that  this  set  of  diagrams 
captures  some  essential  features  of  the  fractional 
quantum  Hall  effect. 


In  this  paper,  we  will  discuss  only  the  case  of 
the  hard-core  model  electron-electron  interac¬ 
tion  for  which  the  only  non-zero  Haldane  pseu¬ 
dopotential  [6]  is  the  one-for  the  smallest  relative 
angular  momentum  channel.  This  interaction 
avoids  the  long  wavelength  divergence  of  some 
terms  in  the  perturbation  expansion  due  to  the 
long  range  of  the  Coulomb  interaction  which 
plays  no  essential  role  in  the  fractional  quantum 
Hall  effect.  This  model  is  known  to  produce 
cusps  in  the  v  dependence  of  the  interaction  and 
hence  captures  the  essence  of  the  FQHE. 

2.  High  temperature  perturbation  expansion 

An  important  aspect  of  the  physics  of  interact¬ 
ing  electrons  in  a  single  Landau  level  is  particle- 
hole  symmetry  [7].  This  symmetry  implies  that  the 
spectrum  of  the  Hamiltonian  is  altered  only  by  a 
constant  shift  in  all  eigenenergies  when  a  parti¬ 
cle-hole  transformation  is  made  changing  v  to 
1  —  v.  The  Matsubara  perturbation  formalism 
calculates  averages  in  the  grand  canonical  ensem¬ 
ble  as  a  function  of  the  exact  chemical  potential; 
the  particle  number  at  a  given  chemical  potential 
is  altered  by  interactions.  As  a  result,  the  parti¬ 
cle-hole  symmetry  which  exists  for  definite  parti¬ 
cle  numbers  is  not  satisfied  order-by-order  in 
perturbation  theory.  However,  we  [4]  have  shown 
that  particle-hole  symmetry  can  be  restored  or¬ 
der-by-order  in  the  perturbation  theory  if  the 
expansion  is  done  in  terms  of  the  Hartree-Fock 
propagator  (defined  below)  rather  than  the  free- 
electron  propagator.  (The  first  order  (Hartree- 
Fock)  contribution  is  not  particle-hole  symmetric 
and  reflects  the  overall  shift  in  the  eigenenergies 
under  particle-hole  transformation.)  This  re¬ 
placement  is  particularly  straightforward  in  the 
present  problem,  since  the  Hartree-Fock  self-en¬ 
ergy  is  not  only  independent  of  frequency  but  is 
also  independent  of  the  single-particle  state  in¬ 
dex.  The  replacement  of  the  bare  propagator  by 
the  Hartree-Fock  propagator  is  thus  equivalent 
to  a  chemical  potential  shift.  It  not  only  restores 
order-by-order  (in  fact  diagram-by-diagram)  par¬ 
ticle-hole  symmetry  but  dramatically  reduces  the 
number  of  diagrams  that  need  to  be  considered 
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in  any  given  order  without  any  increase  in  the 
complexity  of  each  diagram.  This  important  sim¬ 
plification  is  the  key  reason  that  we  are  able  to 
carry  out  the  evaluation  of  the  high  temperature 
expansion  series  to  third  order. 

We  use  the  Matsubara  formalism  to  carry  out 
the  high  temperature  perturbation  expansion  for 
the  grand  potential  Q.  All  the  thermodynamic 
properties  are  determined  once  the  grand  poten¬ 
tial  is  known.  We  first  make  some  general  re¬ 
marks  about  the  perturbation  expansion  and  then 
give  explicit  results  up  to  the  third  order  with  the 
hard  core  potential  v(q)  =  4irl2Vl(l  -  q2l2). 

We  start  with  the  coupling  constant  integra¬ 
tion  expression  for  the  grand  potential  [2] 


n-nQ  = 


I 

Fo  A 


£  (p>  > Pn)'L(P,iPn)- 

P4Pn  A 


(1) 


The  diagrams  are  closed  loops  formed  by  con¬ 
necting  a  free  electron  Green’s  function  3?0  to 
the  two  ends  of  an  (in  general)  improper  self-en¬ 
ergy.  The  general  form  of  the  diagrams  is  shown 
in  Fig.  1.  The  number  of  diagrams  for  the  grand 
potential  is  related  to  the  number  of  self-energy 
diagrams  in  each  order  and  it  increases  sharply  as 
we  go  to  higher  orders.  There  are  two  diagrams, 
direct  and  exchange,  for  the  first  order  proper 
self-energy.  There  are  ten  diagrams  for  the  sec¬ 
ond  order  self-energy.  For  the  third  order,  the 
number  of  diagrams  for  the  self-energy  goes  up  to 
seventy-four.  Many  of  these  diagrams  are  elimi¬ 
nated  when  the  expansion  is  performed  in  terms 
of  the  Hartree-Fock  propagator. 

We  know  that  Hartree-Fock  self-energy  is  in¬ 
dependent  of  frequency.  Due  to  the  complete 
degeneracy  of  the  single-particle  states,  it  is  also 
independent  of  the  intra-Landau  level  index.  In 
self-consistent  Hartree-Fock  approximation,  the 
electron  single-particle  Green’s  function  is  unaf¬ 
fected  by  the  interaction,  since  the  self-energy, 
being  a  constant,  is  canceled  by  the  shift  in  chem¬ 
ical  potential  fi,  i.e.,  &hf([jlhf)  =  &0(fjL0).  We  can 
now  regard  the  bare  Green’s  function  in  the 
Feynman  diagrams  as  the  self-consistent  Har¬ 
tree-Fock  Green’s  function.  This  identification 
directly  enables  us  to  exclude  the  diagrams  shown 


Fig.  1.  (a)  Genera]  structure  of  Feynman  diagrams  for  grand 
potential,  (b)  Diagrams  for  grand  potential  which  are  ex¬ 
cluded  as  a  result  that  Hartree-Fock  self-energy  is  indepen¬ 
dent  of  both  frequency  and  single  particle  eigenstate  index. 


in  Fig.  1,  which  contain  Hartree-Fock  self-energy 
terms  dressing  Green’s  function  in  lower  order 
diagrams,  since  these  diagrams  are  already  in¬ 
cluded  when  the  bare  Green’s  function  is  recog¬ 
nized  as  the  self-consistent  Hartree-Fock  Green’s 
function.  The  diagrams  retained  for  the  grand 
potential  for  the  second  and  third  order  are  shown 
in  Fig.  2,  where  the  coefficient  associate  with 
each  diagram  is  due  to  the  fact  that  we  use  the 
Feynman  rules  for  Green’s  function  to  evaluate 
the  diagrams  for  grand  potential  [4,8].  The  evalu¬ 
ation  of  the  grand  potential  up  to  third  order  now 
becomes  possible.  We  can  directly  verify  that  the 
diagrams  retained  are  all  particle-hole  symmet¬ 
ric.  We  can  also  verify  that  for  v(r)  =  8(r ),  the 
contributions  vanish  identically  order-by-order  as 
required  by  the  Pauli  exclusion  principle.  We 
remark  that  the  contribution  to  the  chemical  po¬ 
tential  of  order  fin  is  a  particle-hole  symmetric 
polynomial  in  v  of  order  In. 
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In  the  rest  of  this  section,  we  sketch  the  evalu¬ 
ation  of  the  grand  potential  up  to  third  order.  We 
rewrite  Eq.  (1)  as 

1 

O(fM)  (A1)  — 

X  [Feynman  diagrams  in  Fig.  2] 

^hf^hfO))  +^(2)(  ^HF  O)) 

+  /2(3)(fhf(^)),  (2) 

where  the  minus  sign  on  the  first  line  is  due  to 
the  closed  fermion  loops  in  the  diagrams.  Here 

vhf(m)=T  H^hf( aO  • 

P  {Pn 

At  a  given  value  of  v ,  the  chemical  potential  /x 
depends  on  interactions.  If  /i  =  /xHF  +  A/a,  then 


Fig.  3.  Ground  state  energy  per  electron  at  zero  temperature 
versus  the  Landau  level  filling  factor  with  the  hardcore  poten¬ 
tial  v(q)  =  4tt/2K1(1  -  q2l2).  The  results  shown  are: 
Hartree-Fock  approximation  (dashed  line);  Exact  result  (solid 
line),  it  has  cusps  at  v  =  1/3  and  v  =  2/3  and  more  compli¬ 
cated  hierarchy  state  structure  in  between;  High  temperature 
perturbation  result  of  Eq.  (5)  (dotted  line);  The  result  from 
particle-particle  ladder  diagram  summation  in  Section  3 
(marked  line). 


Fig.  2.  The  second  and  third  order  Feynman  diagrams  for 
grand  potential  which  are  retained.  They  contain  all  interac¬ 
tion  contributions  to  grand  potential  in  the  second  and  third 
orders. 


A/j,  is  of  the  second  order.  Within  the  third  order 
in  Eq.  (2),  only  C1H¥  is  changed  by  A /*: 

=  nHF0)  -  NAfi.  Then  with  F  =  fl 
+  fiN,  we  obtain 

F{v)=Fw(v)+&2\V)+nO\v) 

=  Fhf(v)  +a(2)(v)i 8  +  a°\v)P2,  (4) 

where  a(2)  and  a(3\  independent  of  temperature, 
are  known  by  evaluating  the  diagrams  in  Fig.  2. 
The  zero-temperature  electron  energy  is  obtained 
from  the  above  equation  by  a  simple  Pade  ap¬ 
proximation: 

[a(2\v)]2 

E(T=0)=Ehf  a(3)^  ■ 

For  a  hard-core  potential  v(q)  =  47r/2K1(l  - 
q2l2X  where  /  is  the  magnetic  length,  the  result 
from  Eq.  (5)  is  shown  in  Fig.  3  (dotted  line).  The 
exact  result,  which  has  cusps  at  v  —  1/3  and 
v  =  2/3  and  more  complicated  hierarchy  state 
structures  in  between,  is  also  shown  (solid  line) 
for  the  range  of  v  <  1/3  and  v  >  2/3  for  compar- 
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ison  purpose.  Although  it  is  very  non-trivial  to 
carry  out  the  evaluation  of  the  grand  potential  to 
third  order  to  use  the  minimum  order  Pade  ap¬ 
proximation,  the  result  obtained  for  the  ground 
state  energy  is,  nevertheless,  a  very  crude  approx¬ 
imation.  A  higher  order  Pade  would  require  the 
perturbation  expansion  to  be  evaluated  out  to 
fifth  order  which  seems  to  be  a  prohibitively 
difficult  task.  Unless  a  way  is  found  to  simplify 
the  higher  order  diagrams  it  will  not  be  possible 
to  reliably  extrapolate  to  low  temperatures  in  this 
way. 


3.  The  particle-particle  ladder  diagrams 

Infinite  order  subset  summation  is  an  alterna¬ 
tive  method  to  get  a  non-trivial  zero-temperature 
result  from  the  high  temperature  expansion  se¬ 
ries.  In  this  section,  we  will  discuss  the  evaluation 
of  the  contribution  to  the  grand  potential  from 
particle-particle  ladder  diagrams.  It  is  possible  to 
show  [4,10]  that  at  each  order  in  ft  these  dia¬ 
grams  give  the  contribution  to  the  grand  potential 
which  is  correctly  proportional  to  v2.  These  con¬ 
tributions  are  the  largest  for  v  ->  0  and  this  sub¬ 
set  may  be  identified  as  giving  the  leading  order 
contribution  in  a  small  v  expansion  at  all  temper¬ 
atures. 

The  ladder  diagrams  for  the  grand  potential 
are  shown  in  Figs.  4a  and  4b.  This  subset  contains 
all  the  first  and  second  order  diagrams.  This 
subset  may  be  summed  by  solving  the  integral 
equation  summarized  diagrammatically  in  Fig.  4c. 
This  integral  equation  may  be  solved  analytically 
[9].  The  ladder  diagrams  in  Figs.  4c  and  4b  are 
related  by  an  integration  over  the  coupling 
strength:  y  —  1/2  /o(dA/A)FA.  From  Fig.  4c,  it  is 
easy  to  see  that  r  depends  only  on  the  relative 
momentum  Y  and  Y'  and  the  total  frequency 
i(on ,  so  we  have 

r(Y,Y’,mn)  =  (Y\v\Y')  +  —  %- 

xZ(Y\v\Y")r(Y",Y,  io»„), 

Y" 

(6) 


<c> 

Fig.  4.  (a)  and  (b):  Particle-particle  ladder  diagrams  for  grand 
potential.  It  contains  all  contribution  for  the  first  and  second 
orders  and  a  subset  of  high  order  diagrams,  (c)  A  related 
ladder  diagram  series  r,  which  can  be  evaluated  analytically. 


where  the  factor  (1  -  2v)/(iojn  -  20  results  from 
the  frequency  summation  over  intermediate 
states.  Using  Haldane’s  pseudopotential  parame¬ 
ters  Vm%  we  have  (Y  \  v  |  Y'>  =  Lma$maY,mVm, 
where  aYm  =  (<f>m\  <pY)  with  </>m  and  <Py  as  single 
particle  eigenstates  at  symmetric  and  Landau 
gauges,  respectively.  Since  Y  and  Y'  are  separa¬ 
ble  variables  in  the  matrix  elements  (Y  \  v  |  Y'), 
Eq.  (6)  is  an  algebraic  equation  and  easily  solved. 
Since  T,YaYmaYn  =  8mn ,  the  contributions  from 
different  F^’s  are  decoupled  and  additive.  With 
r=  E mrm,  Eq.  (6)  gives 

Ym{ Y,  Y',  i co)  =  aymay’mVm 

gym«y-m(l-2^)Km2 

ia>-2f-(l*2v)ym'  U 

Evaluating  the  diagrams  in  Fig.  4a  with  the 
vertex  function  Fm  is  very  straightforward.  The 
total  contribution  from  the  two  diagrams,  labeled 
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below,  is  related  to  the  grand  potential  flm 
by  an  integration  over  the  coupling  strengths 


g>(m) 


[(  ~  l)"1  ~  l]2NL/3 1^,(1  -  2y)y2 
(1  —  v)2  c^~2v^V,n  —  v 2 


(8) 


For  even  m?s,  If (m)  =  0  reflecting  Fermi  statistics. 
It  is  easy  to  verify  that  g7' (m)  -  is  particle- 

hole  symmetric. 

The  ladder  diagram  subset  gives  very  interest¬ 
ing  results  at  zero  temperature:  <^=0  for  v  <  1/2. 
All  terms  in  the  expansion  of  the  ground  state 
energy  in  powers  of  v  are  zero.  This  result  from 
the  ladder  diagram  sum  is  in  agreement  with  the 
exact  result.  For  the  hard-core  model,  the  inter¬ 
action  energy  is  identically  zero  for  a  finite  range 
of  filling  factors  surrounding  v  =  0.  However,  the 
exact  ground  state  energy  has  a  cusp  first  at 
v  =  1/3  rather  than  at  v  =  1/2,  as  shown  in  Fig. 

3.  To  predict  the  occurrence  of  the  cusps  at  the 
right  filling  factor  values,  however,  other  classes 
of  diagrams  will  apparently  have  to  be  included. 


4.  Summary 

Using  the  Matsubara  perturbation  formalism, 
we  have  studied  the  high  temperature  perturba¬ 
tion  expansion  series  for  the  grand  potential  of 
interacting  2D  electrons  confined  within  the  low¬ 
est  Landau  level.  Making  use  of  the  observation 
that  the  Hartree-Fock  self-energy  is  independent 
of  both  frequency  and  single-particle  eigenstate 
index,  we  evaluated  the  high  temperature  pertur¬ 
bation  series  exactly  up  to  the  third  order,  which 
enables  us  to  extrapolate  the  ground  state  energy 
at  zero  temperature  as  a  function  of  the  Landau 
level  filling  factors.  We  also  evaluated  to  infinite 
order  the  subset  of  particle-particle  ladder  dia¬ 
grams.  We  identified  the  subsum  as  the  leading 
order  contribution  in  the  low  density  expansion 
for  interaction  energy  and  showed  that  it  is  iden¬ 


tically  zero  for  small  filling  factors.  We  suggested 
the  possibility  of  using  the  high  temperature  per¬ 
turbation  method  to  study  the  FQHE,  possibly  by 
identifying  the  subsets  of  diagrams  which  develop 
cusps  in  the  ground  state  energy  as  a  function  of 
filling  factor  at  zero  temperature. 
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Abstract 

The  diagonal  and  Hall  resistance  were  studied  at  quantized-Hall-effect-to-insulator  transitions  in  a  dilute  2D 
electron  system  in  Si(100),  in  the  milli-kelvin  temperature  range.  The  Hall  resistance  remains  close  to  its  classical 
value,  H/nec ,  even  when  the  temperature-activated  diagonal  resistivity  pxx  rises  to  4  X  106  ft/  □.  Experimental 
data  show  that  the  insulating  state  may  develop  directly  from  at  least  3  metallic  states  with  quantized  Hall  resistance 
at  filling  factors  v  =  1,  2  and  6.  Persistence  of  well  resolved  Landau  levels  up  to  the  final  insulating  stage  makes  it 
possible  to  trace  the  delocalized  states  at  the  QHE  to  insulator  transition.  Within  experimental  uncertainty  no 
evidence  for  their  exit  through  the  Fermi  energy  has  been  found.  The  results  are  discussed  in  terms  of  recent 
theoretical  models  for  the  transition  to  the  insulating  state. 


1.  Introduction 

The  low  temperature  transition  in  a  two-di¬ 
mensional  electron  (2DE)  system  between  the 
metallic  phase  in  the  quantized  Hall  effect  (QHE) 
regime  and  the  insulating  phase  (QHE/I  transi¬ 
tions)  has  been  the  focus  of  theoretical  and  ex¬ 
perimental  interest,  since  this  problem  is  closely 
related  to  the  behaviour  of  the  dilute  2D  system 
of  interacting  electrons  in  the  presence  of  a  quan¬ 
tizing  magnetic  field  and  disorder.  A  decrease  in 
the  density  ns  drives  the  2DE  system  towards  an 
ordered  lattice  due  to  the  increasing  electron- 
electron  (e-e)  interaction  energy  compared  to 
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the  Fermi  energy,  EF.  On  the  other  hand,  the 
decrease  in  the  density  is  accompanied  by  an 
increase  in  the  relative  strength  of  the  disorder, 
which  drives  the  2DE  system  towards  complete 
localization.  In  contrast  to  the  metal-insulator 
(M/I)  transition  in  3D  systems,  the  QHE/I  tran¬ 
sitions  provide  a  unique  possibility  to  trace  the 
delocalized  states  through  the  M/I  transition. 
The  Hall  coefficient  is  considered  to  be  a  sensi¬ 
tive  probe  to  study  the  mechanism  of  the  transi¬ 
tion. 

It  has  been  found  that  for  weak  disorder,  to 
first  order  in  perturbation  theory  for  a  noninter¬ 
acting  2D  Fermi  system,  localization  corrections 
renormalize  the  Hall  conductivity,  axy,  in  such  a 
way,  that  the  Hall  resistance,  Rxy ,  remains  undis¬ 
turbed  on  the  metallic  side  of  the  transition  [1,2]. 
For  interacting  electrons  in  the  presence  of  weak 
disorder  the  Hall  resistance  was  predicted  [1]  to 
diverge  logarithmically  at  low  T ,  but  at  a  rate 
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twice  as  fast  as  that  of  the  diagonal  resistivity. 
Using  the  scaling  theory,  Shapiro  and  Abrahams 
[3]  have  found  that  in  the  disordered  non-inter¬ 
acting  2DE  system,  both  conductivity  components 
vanish  at  the  critical  point,  while  axy  a  (crxx)2; 
therefore,  Rxy  retains  its  classical  metallic  value 
at  the  M/I  transition.  Considering  the  disorder- 
induced  insulating  transition  for  non-interacting 
electrons  at  the  lowest  Landau  level,  Viehweger 
and  Efetov  [4]  have  found  that  in  the  low  fre¬ 
quency  limit,  axy  a  ( crxx )2  a  a>2.  The  Hall  resis¬ 
tance  Rxy ,  therefore,  remains  finite  in  the  insu¬ 
lating  phase  when  co  -»  0  and  pxx  ->  oo,  in  contrast 
to  the  band  insulator  or  magnetic  freeze-out.  It  is 
worthy  to  note  that  Rxy  in  this  picture  is  not 
related  anymore  to  the  number  of  extended-state 
bands  or  to  the  density  of  carriers  participating  in 
the  transport;  it  has  rather  a  thermodynamic 
meaning.  Halperin  [5],  Laughlin  [6],  and 
Khmel’nitskii  [7]  predicted  that  upon  increasing 
disorder,  when  o>cr  ->  0,  the  energy  of  delocalized 
states  should  rise  and  therefore  they  would  “float 
upward  like  bubbles”  and  “exit  through  the  Fermi 
energy”,  EF.  Recently  Kivelson  et  al.  [8]  sug¬ 
gested  a  global  behaviour  for  the  2DE  system,  in 
particular,  at  the  QHE/I  transitions.  The  exis¬ 
tence  of  the  “Hall  insulator”  has  been  proven 
again  for  non-interacting  electrons,  and  it  has 
been  argued  that  this  phase  is  generic  for  inter¬ 
acting  electrons  as  well.  At  T  =  0  in  the  Hall 
insulator  phase  pxx  ->  oo?  axx  ->  0,  and  axy  ->  0, 
while  pxy=H/(nsec). 

Summarizing  the  available  predictions  for  crxy 
and  pxy  behaviour  at  the  metal-insulator  transi¬ 
tion  in  2D  (where  by  definition  pxx  ->  °°),  we  find 
a  variety  of  options:  (a)  axy  vanishes  at  the  transi¬ 
tion  a  (n/nc-  l)k  and,  depending  on  the  critical 
exponent  k ,  the  Hall  resistance  either  diverges  or 
remains  finite  [1-4,9];  (b)  axy  diminishes  in  a 
step-like  fashion  each  time  an  extended  state 
band  exits  through  the  Fermi  energy,  and,  even¬ 
tually,  axy  vanishes  a  ( axx )2  [5-8],  providing  pxy 
remains  finite;  (b)  for  the  Wigner  solid  with 
transport  due  to  point  defect  motion  pxy  ->  oo  [8], 
as  well  as  for  the  magnetic  freeze-out;  (c)  for  the 
Wigner  solid  and  transport  via  extended  defect 
motion  [10]  pxy  is  predicted  to  maintain  its  classi¬ 
cal  value  H/(nsec )  within  10 “8. 


Experimentally,  since  magnetotransport  in  the 
insulator  phase  is  nonlinear  [11-14],  Rxy  mea¬ 
surements  must  be  carried  out  at  electric  fields 
below  and  above  its  threshold  value:  this  has  not 
been  done  yet.  In  Ref.  [15]  no  deviations  of  Rxy 
from  its  classical  value  have  been  found  in  Si 
MOSFETs  at  the  reentrant  QHE/I  transitions 
around  v  =  1.5  and  2.5,  despite  the  growth  in  pxx 
up  to  ~  Ah/e2.  Anomalies  in  the  Hall  voltage  in 
the  reentrant  insulating  phase  near  fractional  fill¬ 
ing  factors  in  GaAs/AlGaAs,  reported  earlier 
[13,14],  were  explained  later  by  an  admixture  of 
the  longitudinal  voltage  drop  due  to  a  misalign¬ 
ment  in  the  Hall  voltage  probes  [16,17].  Finally, 
the  Hall  resistance  in  GaAs/Al(Ga)As  was  found 
to  remain  near  its  classical  value  at  the  fractional 
QHE  to  insulator  transitions  [16,17]. 

In  this  paper  we  report  on  a  detailed  study  of 
the  Hall  and  diagonal  resistance,  through  the 
transitions  from  three  QHE  states  at  filling  fac¬ 
tors  v  =  1,  2  and  6  to  the  adjacent  insulating 
phases.  We  found  that  pxy  does  not  diverge  but 
remains  close  to  the  classical  value,  when  mea¬ 
sured  below  or  above  the  threshold  electric  field, 
even  when  pxx  rises  to  5  X  106  H/  □  ~  200  h/e2. 
Both  diagonal  and  Hall  conductivities  vanish  in 
the  insulating  phase,  while  crxy  a  axx.  We  analyze 
also  the  topology  of  the  boundary  between  the 
QHE  states  and  the  insulating  state;  the  experi¬ 
mental  data  do  show  that  the  insulating  phase 
develops  directly  from  each  of  these  QHE  states. 


2.  Experimental 

We  used  a  high  mobility  (100)  Si-MOSFET 
sample  (/zpeak  =  4.3  X  104  cm2/V  •  s)  patterned  as 
a  Hall  bar  (5  X  0.8  mm2)  with  2  current  and  5 
potential  probes  (20  pm  probe  width).  DC-trans¬ 
port  measurements  with  the  highly  resistive  sam¬ 
ple  have  been  done  by  the  4-terminal  technique, 
using  a  battery  operated  differential  electrometer 
(10 14  fl  input  resistance).  In  the  Hall  voltage 
measurements,  in  order  to  eliminate  the  admix¬ 
ture  of  the  longitudinal  voltage,  we  subtracted 
results  taken  in  two  opposite  magnetic  field  di¬ 
rections. 
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Fig.  1.  Diagonal  and  Hall  resistances  as  a  function  of  the  magnetic  field  in  the  reentrant  insulating  regime  for  electron  densities:  (a) 
9.326  X  1010  and  (b)  8.53  X  1010  cm”2.  Full  curves  represent  Rxy  measured  at  10  nA,  far  above  the  threshold.  Open  circles  with 
error  bars  -  Rxy,  measured  at  0.25  nA,  half  the  threshold  value.  Arrows  indicate  filling  factor  positions  for  the  principal  extrema  in 
Rxx  vs  H.  The  dashed  line  is  a  guide  to  the  eye. 


At  low  temperature,  T  <  500  mK,  and  at  low 
electron  density,  ns  <  9.5  X  1010  cm-2  the  sample 
exhibited  a  highly  resistive  phase  [11,12]  centred 
at  filling  factor  v  ~  2.5,  and  at  ns  <  8.5  X  1010 
cm-2  -  a  similar  phase  around  v  ~  1.5,  as  shown 
in  Figs,  la  and  lb.  Our  previous  study  [11,12,15] 
showed  that  the  phases,  where  pxx  diverges,  rep¬ 
resent  an  electron  solid  state,  but  for  the  purpose 
of  the  present  study,  the  most  important  issue  is 
that  these  phases  are  true  insulating  states:  (i) 
pxx  »  h/e2,  (ii)  dpxx/dT  <  0,  and  (iii)  the  diago¬ 
nal  conduction,  crxx,  is  characterized  by  a  sharp 
threshold  as  a  function  of  applied  electric  field 


[11,12].  The  insulating  state  is  interrupted  at  inte¬ 
ger  filling  factors  v  =  1  and  2.  In  their  vicinity  the 
2DE  system  is  in  the  regular  2D  metal  (or,  more 
precisely,  the  strongly  correlated  2DE  gas),  in  the 
quantized  Hall  resistance  regime.  By  this  defini¬ 
tion  we  mean  that  (i)  the  diagonal  resistivity  is 
low,  pxx<^h/e2,  (ii)  dpxx/dT>  0,  (iii)  axx  does 
not  depend  on  electric  field,  and  (iv)  pxy  shows  a 
plateau  at  a  quantized  value.  Therefore,  when  we 
fix  electron  density  and  vary  magnetic  field,  as 
shown  in  Fig.  1,  the  observed  variations  in  pxx 
represent  a  sequence  of  reentrant  M/I  transi¬ 
tions,  which  are  the  goal  of  the  present  study. 


Pxy  ) 


Fig.  2.  Phase  diagrams  for  the  integer  QHH  to  insulator  transition,  (a)  Theoretical  phase  diagram  [8]  at  T  =  0  as  the  strength  of  the 
disorder  vs  normalized  magnetic  field  (courtesy  of  D.-H.  Lee);  (b)  the  experimental  data  taken  at  T  =  35  mK,  as  the  critical  density 
of  impurities  per  electron,  n  jn%,  vs  normalized  magnetic  field  =  He/nshc).  Shadowed  regions  designate  the  insulating 

phase. 
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Oscillatory  variations  of  pxx  indicate  that  Landau 
levels  remain  resolved  at  these  M/I  transitions;  it 
gives  us  a  chance  to  trace  the  pathway  of  the 
extended  states  through  the  transition. 

3.  Hall  resistance  in  the  insulating  state 

Continuous  lines  in  Figs,  la  and  lb  show  Rxy , 
measured  at  source-drain  current  10  nA,  far 
above  the  threshold  [11,12],  while  open  circles 
with  error  bars  -  Rxy,  measured  at  0.25  nA,  at 
half  the  threshold  value.  Each  of  the  displayed 
results  was  obtained  with  reversing  magnetic  field, 
as  mentioned  above.  It  is  clearly  seen  from  Fig.  1, 
that  Rxy  values  are  rather  close  to  the  classical 
dependence  Rxy  =  H/(nec)  both  far  above  and 
below  the  threshold  electric  field,  even  when  pxx 
rises  to  ~  5  X  106  fl/D  ~  200  h/e2.  Within  the 
same  experimental  uncertainty,  as  shown  in  Fig. 
1,  the  Hall  resistance  was  found  to  be  indepen¬ 
dent  of  temperature  as  T  ->  0,  while  pxx  diverges. 

4.  Phase  diagram  in  the  plane  “disorder- 
magnetic  field” 

The  theory  by  Kivelson  et  al.  [8]  suggests  a 
global  phase  diagram  to  describe  the  QHE/I 
transitions  in  a  2DE  system  at  zero  temperature, 
as  shown  in  Fig.  2a.  The  y-axis,  pxx ,  is  a  measure 
of  the  disorder,  while  the  x-axis,  pxy,  is  a  mea¬ 
sure  of  the  magnetic  field.  The  dashed  region 
represents  the  insulating  phase  which  spreads 
towards  zero  disorder  at  zero  field  ( pxy  =  0)  and 
at  the  half-filled  lowest  Landau  level  ( pxy  = 
2 h/e2).  The  nested  curves  separate  regions  which 
are  labelled  by  the  index  sxy,  denoting  the  num¬ 
ber  of  delocalized  levels  below  the  Fermi  energy. 
The  transition  from  the  initial  QHE  state  with 
sxy  =  m  (i.e.  from  rath  plateau)  to  the  insulator 
(where  =  0)  would  occur  in  this  picture  only 
through  a  sequence  of  transitions  to  lower  order 
QHE  states  sXy  =  m-l,m-2,...  .  Any  other 
transitions  to  and  from  the  insulating  phase  be¬ 
yond  sxy  =  1  <->  0  are  forbidden  in  this  approach, 
as  well  as  in  the  scaling  theory  [6,7]. 

Although  the  experimental  data  in  Fig.  1  are 
shown  as  Rxx  versus  H,  Rxx  is  not  an  obvious 


measure  of  the  disorder,  since  its  magnitude  also 
indicates  the  onset  of  the  insulating  phase.  We 
have  chosen  the  density  of  impurities  at  the  inter¬ 
face  per  electron,  n{/ns ,  as  a  more  appropriate 
measure  of  the  disorder  [18].  Experimental  points 
in  Fig.  2b  [19]  are  obtained  from  the  critical 
density  nc,  below  which  activated  transport  ap¬ 
pears  [10],  and  ^^XlO10  cm"2  calculated 
from  the  sample’s  mobility.  The  upper  shadowed 
region  designates  the  insulating  state,  while  the 
regular  metallic  phase,  characterized  by  the  QHE 
at  v  =  1,  2, . . .  lies  below. 

To  make  a  proper  comparison  with  theory  we 
have  to  take  into  account  that  in  Si(100)  there  are 
two  electron  valleys  [20,21],  while  the  theory  [8] 
considered  the  single-valley  and  spinless  system 
of  electrons.  We  may  choose  to  neglect  e-e  inter¬ 
action  and  consider  the  two-valley  system  as  a 
pair  of  stacked  independent  2DE  systems.  With 
this  assumption  (which  is  not  too  realistic),  the 
entire  region  from  (v)~l  =  1/0.5  to  1/2.5  can  be 
attributed  to  sxy  =  1,  the  region  from  (n)_1  = 
1  /2.5  to  1  /4.5  -  to  sxy  =  2,  ...  (see  Fig.  2b).  The 
existence  of  the  QHE  liquid  phase  at  integer 
filling  factors  v  =  1  and  2  surrounded  at  fixed 
disorder  by  insulating  phases  (or  equivalently,  the 
reentrant  QHE/I  transition  around  v  =  1  and  2) 
agrees  then  with  Ref.  [8].  When  exceeds 

~  1.1,  the  2DE  system  is  driven  to  the  insulator 
at  weaker  disorder,  while  at  v  —  1  and  2  -  at 
stronger  disorder,  both  roughly  consistent  with 
Fig.  2a.  The  absence  of  QHE/I  transitions  at 
v  =  3  and  4  (sxy  =  2)  is  also  consistent  with  pre¬ 
dictions  by  Ref.  [8],  but  could  originate  also  from 
a  rapid  decrease  of  the  respective  energy  gap  at 
v  =  3  as  H  ->  0  [21],  and  from  the  important  role 
of  the  polarization  [22]  in  the  solid  to  liquid 
transition. 

There  are,  however,  a  couple  of  caveats:  the 
experimental  data  [19]  show  the  emergence  of  a 
reentrant  QHE/I  transition  around  v  =  6,  and 
no  evidence  for  the  exit  of  delocalized  states 
through  the  Fermi  energy  have  been  noticed. 

5.  QHE  /I  transition  around  v  =  6 

The  weak  feature  in  the  diagonal  resistance 
around  v  =  6  could  be  seen  already  in  Fig.  1.  At 
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high  density,  ns  >  8.9  X  10 10  cm-2,  the  2DE  sys¬ 
tem  in  the  range  of  H  —  0. 5-0.9  T  is  in  the 
metallic  phase  with  well  pronounced  quantum 
Hall  effect  at  v  =  6;  it  indicates  resolved  energy 
levels  at  v  =  6  (which  is  the  spin  gap  [20]).  At 
lower  density  ns  <  8.1  X  1010  cm-2  the  insulating 
state  spreads  over  all  range  of  filling  factors  v  >  2, 
or,  equivalently,  magnetic  field  H  <  1.5  T.  But  in 
the  intermediate  range  of  densities,  8.6  >ns>  8.1 
X  10 10  cm-2,  the  exponentially  rising  magnitude 
of  the  Shubnikov-de  Haas  effect  exceeds  the 
maximal  value  h/e2  allowed  in  the  gaseous  phase 
[20];  that  results  in  the  development  of  the  reen¬ 
trant  metal/ insulator  transition.  This  transition 
appears  to  be  very  similar  to  that  discussed  above 
for  v  =  1  and  2. 

Detailed  experimental  study  proves  that  in  this 
range  of  densities  and  at  magnetic  field  from  0.45 
to  0.5  T,  the  2DE  system  is  a  true  insulator.  Fig. 
3a  shows  the  diagonal  resistivity  at  fixed  electron 
density  n&  =  8.34  X  1010  cm-2  at  three  different 
temperatures:  p ““  is  temperature  activated  and 
diverges  as  7  ->  0;  in  the  same  range  of  v ,  the 
diagonal  conduction  is  strongly  dependent  on 
electric  field,  exhibiting  a  sharp  threshold,  similar 
to  that  studied  earlier  [12]  in  the  insulating  phase 
at  v  =  1.5  and  2.5.  At  slightly  higher  magnetic 
field,  H  =  0.5  to  0.65  T,  at  the  resistivity  mini¬ 
mum  v  =  6  (see  Fig.  3a),  the  2DE  system  is  in  the 
true  metallic  phase  with  p™n  <  h/e2  and 


dp™/dT>  0.  Conduction  in  this  phase  does  not 
depend  on  electric  field. 

The  metallic  phase  at  v  =  6  is  accompanied  by 
the  plateau  in  the  Hall  resistance,  as  shown  in 
Fig.  3b,  with  quantized  value  h/6e 2  within  5% 
uncertainty.  The  Hall  resistance  through  the  insu¬ 
lating  phase  at  H  =  0.45-0.5  7  follows  the  classi¬ 
cal  straight  line,  similar  to  that  shown  in  Fig.  1 
for  v  —  1.5  and  2.5.  Summarizing  these  observa¬ 
tions  we  have  to  conclude,  that  the  metal-to-insu- 
lator  transition  around  v  =  6  is  one  more  example 
of  the  QHE/I  transition,  where  a  variation  of  the 
diagonal  resistivity  through  the  transition,  (p™x 
-p™n),  reaches  10  Xh/e2.  The  weak  feature  in 
pxx  at  v  =  10,  noticeable  in  Fig.  3,  we  believe, 
indicates  emergence  of  one  more  QHE/I  transi¬ 
tion,  which  might  be  resolved  at  lower  tempera¬ 
ture  or  in  a  less  disordered  sample. 


6.  Discussion 

The  existence  of  the  direct  transition  from  the 
QHE  state  at  v  =  6  to  the  insulator  is  not  consis¬ 
tent  with  the  global  phase  diagram  [8]  plotted  in 
Fig.  2a,  even  when  the  two-valley  system  is  inter¬ 
preted  as  “two  folded”  2DE  systems.  According 
to  the  scaling  theory  [6,7],  the  energy  of  delocal¬ 
ized  states  should  rise  upon  increasing  disorder; 
the  delocalized  states  would  then  “exit  through 


v=  10  6 


Fig.  3.  (a)  Magnetic  field  dependence  of  the  (a)  diagonal  resistivity  at  three  different  temperatures  and  (b)  Hall  resistance  at  the 
lowest  temperature.  Arrows  indicate  filling  factor  positions  for  the  principal  extrema  in  pxx  vs  H.  Full  curve  is  Rxy  measured  at  10 
nA,  dots  with  error  bars  -  at  0.25  nA.  The  electron  density  is  8.34  X  10 10  cm-2. 
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the  Fermi  energy”  [6]  during  the  QHE/I  transi¬ 
tion.  Anomalies  in  pxx  (and  possibly  in  pxy)  would 
then  be  observed  whenever  the  boundary  be¬ 
tween  phases  with  different  indices  sxy  is  crossed 
(see  Fig.  2a).  This  is  not  seen  experimentally.  In 
particular,  the  transition  from  the  QHE  state  at 
v  —  6  to  the  insulator  should  proceed  as  a  series 
of  transitions  from  sxy  =  3  -»  2  ->  1  0.  This 

should  be  seen  experimentally  as  three  anomalies 
in  pxx  whenever  the  extended  state  band  exits 
through  the  Fermi  energy  and  the  sxy  index  is 
changing.  The  experimental  data  in  Figs.  1  and  3 
reveal,  however,  a  smooth  exponential  rise  of  the 
diagonal  resistivity  and  gradual  change  of  the 
Hall  resistance,  coinciding  with  the  classical  Hall 
dependence  H/nec ,  whenever  one  tunes  the 
transition  by  varying  magnetic  field  at  fixed  den¬ 
sity,  or  by  varying  density  at  fixed  magnetic  field. 

It  appears  therefore  that  the  QHE/I  transi¬ 
tions  develop  directly  from  any  liquid  phase  to 
the  insulator.  The  same  follows  from  the  topology 
of  the  boundary  in  Fig.  2b.  A  possible  reason  for 
this  discrepancy  could  be  the  non-zero  tempera¬ 
ture,  30  mK,  which  may  smear  the  expected  fea¬ 
tures  in  pxx,  since  the  theoretical  predictions  [8] 
have  been  made  for  T  =  0  and  in  the  limit  of  low 
frequencies  <o  ->  0,  while  experiments  are  per¬ 
formed  at  co  =  0  and  T  #  0.  It  was  pointed  out  [8] 
that  these  two  limits  do  not  commute. 

The  direct  transitions  between  the  insulator 
and  different  QHE  phases,  and  the  absence  of  a 
signature  of  the  “exit”  of  delocalized  states 
through  the  Fermi  energy  may  have  an  alterna¬ 
tive  explanation,  based  upon  the  collective  nature 
of  the  reentrant  insulating  state  [12,15,18].  When 
the  2DE  system  is  pushed  towards  the  insulator 
by  decreasing  density  rather  than  by  increasing 
disorder,  this  is  accompanied  by  an  increase  in 
the  ratio  of  the  e-e  interaction  energy  to  the 
Fermi  energy,  Eee/EF  an~l/2,  which  is  ~  12  at 
ns  =  8  X  1010  cm-2.  It  is  possible  that  the  delocal¬ 
ized  states  persisting  on  the  “metallic”  side  of  the 
transition  do  not  exit,  but  form  an  electron  lattice 
which  becomes  insulating  due  to  pinning  by  the 
existing  disorder,  and  provides  the  insulating 
transition. 

Our  preliminary  data  also  indicate  that,  above 
the  boundary  for  the  QHE/I  transition  (i.e.  at 


lower  densities)  into  the  electron  solid  phase  [10], 
plotted  in  Fig.  3b,  there  is  a  crossover  from  the 
collective  electron  state  to  the  single-particle  in¬ 
sulator.  Its  boundary  might  be  consistent  with  the 
predictions  of  Ref.  [8]. 


7.  Conductivity  phase  diagram 

It  is  instructive  to  consider  the  development  of 
the  QHE/I  transition  when  experimental  data 
are  plotted  as  axx  versus  orxy  in  Figs.  4a-4c.  The 
phase  diagram  shown  in  Fig.  4a  for  the  “metallic” 
state  in  the  QHE  regime  is  in  agreement  with  the 
scaling  theory  [7,23]  and  consists  of  a  series  of 
arcs,  fixed  by  the  QHE  states  at  their  endpoints 
O',  0),  where  i  =  1,  2,  3,  4,  ...  is  the  number  of 
delocalized  states  below  EF  in  both  valleys.  Dur¬ 
ing  the  QHE/I  transition,  when  ns  at  a  given 
magnetic  field  becomes  lower  than  nc  (i.e.  it 
crosses  the  boundary  plotted  in  Fig.  2b),  the 
corresponding  point  starts  deviating  from  the  reg¬ 
ular  arc.  The  top  points  ti+l/2  indicating  initial 
axx  maxima  and  located  at  v  =  3/2  and  5 /2 
move  towards  the  point  of  origin  (0,  0),  as  dis¬ 
played  in  Fig.  4b.  Eventually,  all  the  top  points 
ti+1/ 2  merge  at  the  origin,  approaching  it  verti- 
cally  (i.e.  with  crxx  « p~}  -» 0,  axy  ~  pxy/p2xx  -»  0, 
c rxx/axy  ->  oo),  while  the  bottom  points  stay  fixed 
at  their  initial  positions  O',  0). 

Figs.  4b  and  4c  illustrate  this  behaviour  for  the 
energy  levels  i  =  1  and  2;  higher  levels  i  >  3  be¬ 
come  unresolved  at  low  ns.  When  all  the  top  and 
bottom  points  are  fixed  at  the  origin  and  at  the 
horizontal  axis,  the  phase  diagram  displays  re¬ 
markable  universality:  both  branches  starting  from 
the  bottom  points  0,  0)  follow  the  same  semicir¬ 
cles  of  fixed  radius  i/2,  independent  of  their 
Landau  level  index.  It  is  evident  from  Figs.  1,  3 
and  4,  that  axx  drops  to  zero  twice  a  period  for 
the  QHE/I  transition  on  the  magnetic  field  axis: 
at  pxx  minima  and  maxima.  It  could  be  inter¬ 
preted  as  evidence  for  the  exit  of  the  delocalized 
states;  this  interpretation,  however,  might  be  ap¬ 
plied  only  in  the  interval  of  filling  factor  v  from  1 
to  2,  and  fails  for  the  higher  order  QHE/I  transi¬ 
tions  in  the  intervals  v  =  2-6  and  v  =  6-10.  This 
topological  behaviour  of  the  conductivity  phase 
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Fig.  4.  Experimental  phase  diagrams  as  crxx  vs  axy  at  three 
different  densities  (given  in  units  of  10 10  cm-2).  Dashed 
arrows  in  (b)  and  (c)  indicate  trajectories  for  the  top  points. 


diagram  first  seen  in  Ref.  [15]  is  again  in  good 
agreement  with  the  explanation  given  above  and 
involving  the  formation  of  an  electron  solid  due 
to  the  increase  in  the  ratio  £ee/£F.  The  e-e 
interaction  has  not  been  considered  in  Refs.  [4- 
6,20].  Below  ns  <  6  X  1010  cm-2,  the  system  is 
driven  towards  the  Anderson  insulator,  when  all 
branches  of  the  phase  diagram  collapse  at  the 
origin,  approaching  it  also  vertically  with  crxx/crxy 
— >  00, 


8.  Summary 

Our  measurements  in  the  vicinity  of  the 
QHE/I  transitions  have  shown  that  (i)  the  Hall 
resistance  does  not  diverge,  measured  either 
above  or  below  the  threshold  electric  field,  even 
when  pxx  rises  to  4  X  106  12/  □.  While  pxx  is 
temperature  activated,  pxy  is  not.  These  results 
agree  with  the  predictions  for  both  the  “Hall 
insulator”  [2,3,7]  and  the  pinned  Wigner  lattice 
with  transport  provided  by  extended  defects  [8]. 
(ii)  The  disorder-magnetic  field  diagram  for  the 
QHE/I  transitions  suggests  that  the  insulating 
state  develops  directly  from  the  QHE  phases  at 
different  indices,  (iii)  The  phase  diagram  crxx-(jxy 
shows  universality  different  from  that  of  the  scal¬ 
ing  theory  for  the  QHE  in  a  metallic  phase  and 
that  of  the  Hall  insulator. 
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Abstract 

We  present  experimental  evidence  for  the  low  temperature  collective  insulator  state  which  sets  in  upon  lowering 
the  electron  density  at  zero  magnetic  field  in  high  mobility  Si-inversion  layers.  Data  on  temperature  activated  and 
threshold  electric  field  dependent  dc  conduction  are  fitted  well  by  a  model  of  transport  in  a  Wigner  solid  provided 
by  the  motion  of  dislocation  pairs.  We  report  weak  narrowband  noise  with  a  current  dependent  frequency  spectrum 
on  a  background  of  broadband  noise. 


1.  Introduction 

The  observation  of  a  metal-insulator  (MI) 
transition  in  dilute  electron  systems  around  frac¬ 
tional  filling  factors  in  GaAs/AlGaAs  [1]  and 
integer  filling  factors  in  Si-MOSFETs  [2]  has  fu¬ 
eled  a  debate  over  the  nature  of  the  insulating 
state  at  low  temperature  in  the  2D  electron  sys¬ 
tem  with  minimal  disorder.  There  is  little  doubt 
that  for  zero  disorder  and  T  =  0,  the  2D  electron 
system  will  crystallize  into  a  Wigner  lattice  upon 
lowering  density.  It  is  also  known  that  in  the  limit 
of  strong  disorder,  the  Anderson  single-particle 
localization  (SPL)  will  set  in.  Real  samples  with 
minimal  disorder  provide  an  intermediate  regime 
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where  a  collective  insulating  state  like  the  pinned 
Wigner  solid  (WS)  [3],  or  the  pinned  charge  den¬ 
sity  wave  (CDW)  [4]  might  exist.  In  a  Si  inversion 
layer,  the  large  effective  mass  (m*  =  0.19rae)  and 
the  low  dielectric  constant  (k  —  7.7)  yield  a  cold 
melting  density  which  is  at  least  20  X  higher  than 
in  GaAs  [2,5].  This  is  favourable  for  the  observa¬ 
tion  of  a  collective  electron  solid  and  raises  hope 
that  at  low  enough  disorder,  the  short  range 
order  might  be  revealed. 

We  present  experimental  evidence  for  the  col¬ 
lective  character  of  the  low  temperature  metal- 
insulator  transition  at  zero  field  in  Si-MOSFETs 
with  weak  disorder.  As  “direct”  evidence  for  the 
existence  of  short  range  order,  we  report  on  the 
observation  of  narrowband  noise  whose  fre¬ 
quency  spectrum  reflects  the  principal  lattice 
spacings.  The  non-linear  dc  transport  data  can  be 
fitted  well  by  a  model  of  generation  and  motion 
of  extended  defects  in  the  pinned  electron  lattice. 
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Our  data  indicate  a  trend  from  a  collective  to  a 
single-particle  insulator  state  with  decreasing 
density  or  increasing  disorder. 


2.  Experimental 

The  samples  for  this  study  were  selected  to 
provide  a  wide  range  of  peak  mobilities,  ^peak: 
Si-5  with  Mpeak  =  4.3  X  104  cm2/V  *  s,  Si-11  with 

^peak  3^3  x  ^q4  cm2yy  .  ^  an(j  _2  with  jUpeak 

=  2.42  X  104  cm2/V  *  s.  The  samples  were  pat¬ 
terned  as  rectangular  Hall  bars  with  a  source  to 
drain  length  L  =  5  mm,  a  width  w  =  0.8  mm,  and 
an  intercontact  distance  l  =  1.25  mm.  The  carrier 
density  could  be  varied  from  5  X  1010-1  X  10 12 
cm-2  by  means  of  the  top  gate.  The  measure¬ 
ments  were  taken  in  a  temperature  range  of 
25-650  mK.  For  the  dc  transport  measurements, 
a  four-probe  technique  was  used  with  a  differen¬ 
tial  electrometer  and  dc  currents  as  low  as  0.1 
pA. 

The  longitudinal  resistance  Rxx  exhibits  insu¬ 
lating  behavior  characterized  by  an  exponential 
rise  and  a  negative  temperature  derivative,  below 
a  critical  carrier  density  nsc  ~  1011  cm-2.  The 
activation  energy  A  obtained  from  the  tempera¬ 
ture  dependence  Rxx  a  exp (A/kT)  drops  linearly 
to  zero  at  nsc,  as  illustrated  in  Fig.  la.  The  value 
of  the  critical  carrier  density  is  sample  depen¬ 
dent,  decreasing  from  1  X  1011  cm  2  for  Si-2  to 


8x10 10  cm-2  for  Si-5  which  has  the  highest 
mobility  (or  the  least  disorder).  The  current-volt¬ 
age  characteristics  shown  in  Fig.  2a  are  also 
marked  by  a  sharp  drop  in  W/M  above  a  thresh¬ 
old  electric  field  Et.  The  threshold  field  goes  to 
zero  smoothly  at  nsc  as  shown  in  Fig.  la.  The 
data  can  be  fitted  well  by  a  power  law  Et  a  8nJ, 
where  8ns  =  (nsc  -  ns)  and  y  =  1.7  (see  Fig.  lb). 
The  dependencies  of  A  and  Et  on  ns  are  quite 
similar  for  all  three  samples.  The  sharp  rise  in 
conduction  is  accompanied  by  a  steep  increase  in 
the  broadband  rms-noise  voltage  <KN)  as  a  func¬ 
tion  of  current  (see  Fig.  2b).  The  broadband 
rms-noise  voltage  (FN)  was  measured  at  two 
nearest  potential  contacts  in  a  1-300  kHz  fre¬ 
quency  band. 

To  study  the  frequency  spectrum  of  the  gener¬ 
ated  noise  we  used  an  analog  technique.  Narrow- 
band  amplifiers  (1%  frequency  band)  were  tuned 
through  the  frequency  range,  point  by  point  and 
the  rms-noise  voltage  between  two  closest  poten¬ 
tial  contacts  was  averaged  for  a  few  hours  thereby 
ensuring  proper  statistics.  Below  4  kHz,  the  di¬ 
verging  1  //  noise  signal  prevented  us  from  doing 
measurements  at  low  frequencies,  while  above  10 
kHz  the  signal  was  cut-off  by  the  RC  time  con¬ 
stant  of  the  gated  sample.  The  carrier  density  was 
adjusted  such  that  the  driving  source-drain  cur¬ 
rent  near  threshold  would  correspond  to  a  4-10 
kHz  frequency  range.  The  narrowband  noise 
shown  in  Fig.  2c  has  a  reproducible  frequency 
spectrum  which  shifts  to  higher  frequency  as  the 


Fig.  1.  (a)  Activation  energy  and  threshold  electric  field  versus  electron  density,  (b)  Threshold  electric  field  versus  8ns  -  (nsc-ns\ 
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Fig.  2.  (a)  Typical  threshold  I-V  characteristic,  (b)  Broad¬ 
band  noise  voltage  measured  between  potential  contacts  as  a 
function  of  source-drain  current,  (c)  Two  independent  spec¬ 
tral  measurements  of  the  narrowband  noise  driven  by  the  dc 
current.  The  density  is  in  units  of  10 10  cm-2. 

driving  current  is  increased.  The  maxima  in  the 
signal  amplitude  occur  at  frequencies  which  can 
be  related  to  the  2D  electron  lattice  constants. 


3.  Discussion 

The  depinning  mechanism  of  an  electron  solid 
via  the  creation  and  separation  of  dislocation 
pairs  has  recently  been  studied  by  Chui  [6].  In  the 
limit  of  low  impurity  density,  the  depinning  field 
is  proportional  to  the  activation  energy  to  the 
power  3/2.  Experimentally  the  activation  energy 
varies  linearly  with  8ns  (see  Fig.  la)  and  there¬ 


fore  the  predicted  3/2  power  law  agrees  well 
with  the  experimental  results  where  Et  a  8nls 1 
(see  Fig.  lb).  The  theoretical  estimate  for  the 
depinning  electric  field  is  also  of  the  same  order 
of  magnitude  as  the  experimental  data. 

In  the  collective  insulating  state,  the  transport 
data  cannot  be  fitted  to  a  SPL  model.  The  thresh¬ 
old  field  is  too  low  and  the  localization  length  is 
too  large  and  neither  hopping  nor  variable  range 
hopping  models  can  fit  the  temperature  depen¬ 
dence  of  the  conduction  [7].  A  rough  fit  to  the 
transport  data  can  be  provided  by  a  model  for  a 
pinned  WS  (or  pinned  CDW)  whose  transport 
above  threshold  is  due  to  the  motion  of  depinned 
domains  [8-10].  The  evanescence  of  the  thresh¬ 
old  field  at  nsc  suggests  that  the  transition  is  not 
first  order  or  is,  at  best,  a  weak  first-order  transi¬ 
tion.  It  is  difficult  to  account  for  this  transition  in 
the  limit  of  strong  pinning  [8,9],  when  both  the 
pinning  force  and  correlation  length  are  given  by 
the  impurities.  Using  the  approach  of  the  elastic 
theory  of  the  CDW  [10]  in  the  weak  pinning  limit, 
we  can  estimate  the  correlation  length  (domain 
size)  Ld  as  ( KTa/(2TrensEt))1/ 2,  where  KT  is 
the  transverse  shear  modulus,  a  is  the  interelec¬ 
tron  spacing  and  Et  is  the  threshold  electric  field 
[4,9,10].  Substituting  the  experimental  Et(nJ  data 
in  the  expression  above,  we  find  that  LD  diverges 
as  ( 8ns)~° *9  [7].  Irrespective  of  the  model  used, 
the  correlation  length  LD  drops  with  decreasing 
density  (or  increasing  8ns)  thus  driving  the  2D 
electron  system  towards  single-particle  localiza¬ 
tion. 

The  generated  broadband  noise  shown  in  Fig. 
2b  is  appropriate  for  depinning  of  the  WS  (or  for 
coherent  defect  motion  [6]).  If  this  occurs,  one 
might  expect  narrowband  noise  with  frequency 
peaks  related  to  the  principal  lattice  spacings,  or, 
at  least,  peaks  on  a  broadband  background.  If  we 
assume  that  the  electron  lattice  extends  across 
the  entire  2D  layer  of  width  w  and  that  the  total 
current  I  is  only  provided  by  the  sliding  lattice, 
then  the  expected  spectral  maxima  can  be 
easily  related  to  the  principal  lattice  spacings 
as  follows:  /  =  I/(enswA-).  For  a  hexagonal  lat¬ 
tice  sliding  in  the  random  field  of  point  defects, 
we  find  A1  =  a,  A2=  }/3a,  and  A3  =  2a,  where  a 
is  the  spacing  between  nearest  neighbour  elec- 
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trons.  If,  alternatively,  the  current  is  provided  by 
extended  defects  [6]  moving  through  a  fixed  elec¬ 
tron  lattice,  then  an  additional  distinct  spacing  is 
found:  Aa  =  (t/3  /2)a.  For  ns  =  8.32  X  1010  cm-2, 
a  =  310  A  and  /  =  50  X  10“ 12  A,  we  expect  fre¬ 
quency  peaks  at  fx  =  15.5  kHz,  f2  =  9  kHz,  /3  = 
7.75  kHz  and  /4  =  18  kHz.  The  measured  fre¬ 
quency  spectrum  shown  in  Fig.  2c  exhibits  max¬ 
ima  at  about  5,  6.2  and  possibly  8  kHz.  If  the 
weak  peak  at  8  kHz  is  ignored,  then  the  two 
lower  peaks  can  be  labeled  as  f4  and  fl  scaled 
down  by  a  factor  ~  3.  The  frequency  of  the 
spectral  maxima  increases  with  current  but  not  in 
a  proportional  fashion.  It  is  therefore  possible 
that  part  of  the  total  current  is  provided  by  hop¬ 
ping  of  carriers  beyond  the  lattice. 

We  have  studied  quantitatively  the  role  of  dis¬ 
order  in  the  development  of  the  insulating  phase. 
By  using  Gold's  calculation  [11]  for  the  mobility 
of  Si(100)  inversion  layers,  we  obtain  a  satisfac¬ 
tory  description  of  fipeak  versus  ns  for  our  sam¬ 
ples.  We  can  use  these  results  to  relate  /xpeak  to 
the  density  of  impurities  n{  which  is  a  more 
appropriate  measure  of  disorder  since  impurities 
are  the  major  source  of  electron  scattering  at  low 
ns  [12].  This  is  true  below  2  X  10 11  cm-2  in  our 
samples.  The  long  dashed  line  in  Fig.  3  illustrates 
the  calculated  dependence  of  ^peak  on  nv  The 
empty  squares  depict  the  experimental  data  [13] 
for  the  Anderson  transition.  The  boundary  for 
SPL,  denoted  nSPL,  is  estimated  from  ni  and 
shown  as  a  short  dashed  line.  Theoretical  calcula¬ 
tions  of  n{  and  nSPL  [11]  have  been  done  specifi¬ 
cally  to  fit  the  data  for  low  mobility  samples 
assuming  particularly  large  surface  roughness  pa¬ 
rameters.  The  calculated  short-dashed  line  is 
taken  to  be  the  highest  estimate  of  nSPL  in  our 
high  mobility  samples  where  surface  roughness 
scattering  is  much  lower  [14].  The  nsc  values  for 
the  three  samples,  indicated  by  the  full  circles  are 
at  least  2  X  higher  than  the  nSPL  values.  This 
agrees  with  the  collective  character  of  the  transi¬ 
tion  at  nsc. 

As  direct  Rxx  measurements  down  to  ns  ~ 
uspl~  1  x  1010  cm_2  were  impossible  due  to  a 
rapid  increase  in  the  probe  resistance,  we  extrap¬ 
olated  the  domain  length  LD  to  lower  ns  in  order 
to  examine  the  validity  of  our  interpretation.  The 


Fig.  3.  Critical  density  versus  sample  peak  mobility.  The  full 
circles  designate  the  measured  nsc  values.  The  full  line  repre¬ 
sents  rtcm(rtj)  calculated  on  the  basis  of  Ref.  [3],  the  dashed 
lines  -  n j  and  nSPL  vs.  /upeak.  The  full  triangles  indicate  the 
n spl  evaluated  from  our  data.  The  empty  circle  and  triangle 
are  taken  from  Ref.  [15].  The  empty  boxes  denote  the  onset  of 
activated  transport  from  Ref.  [13]. 


resulting  nSPL  estimates  corresponding  to  the  cri¬ 
terion  LD  =  2a  are  indicated  by  full  triangles  in 
Fig.  3.  The  WAT  empty  circle  and  the  triangle 
designate  respectively  the  onset  of  the  insulating 
phase  and  the  estimated  nSPh  (using  the  same 
criterion),  from  cyclotron  resonance  data  by  Wil¬ 
son  and  co-workers  [15].  The  lower-dashed  region 
is  interpreted  as  a  crossover  to  SPL  and  there  is 
reasonable  agreement  with  all  the  data  plotted  in 
Fig.  3.  The  vertically-dashed  region  designates 
then  a  collective  insulator  phase,  confined  be¬ 
tween  the  metallic  state  above  the  ncm  boundary 
and  presumably  the  Anderson  insulator  below 
the  nSPL  line. 

It  is  known  that  weak  disorder  can  stabilize 
the  WS  due  to  the  creation  of  a  gap  in  the 
phonon  spectrum  and  hence  a  limited  zero  point 
displacement  [3].  We  calculated  the  mean  square 
displacement  (MSD)  of  the  pinned  WS  at  T  =  0 
for  given  ni  values  as  the  area  under  the  phonon 
spectral  density  of  the  pinned  WS  for  the  relative 
strength  of  the  pinning  potential  A  =  1  [3].  The 
full  line  in  Fig.  3  shows  the  calculated  depen¬ 
dence  of  the  cold  melting  density  on  ni  using  the 
MSD  as  a  function  of  n{  and  a  realistic  estimate 
of  ncm  as  ->  0  [7];  the  agreement  with  the  data 
seems  quite  good.  Taking  into  account  numeri- 
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cally  the  disorder  in  our  samples,  Chui  [16]  has 
recently  calculated  a  transition  from  a  polarized 
WS  to  a  partially  polarized  liquid  at  rs  ~  10  ( ns  ~ 
7.65  X  10i0  cm"2)  in  agreement  (within  15%  ac¬ 
curacy)  with  the  data  for  Si-5  and  Si-11.  This  is 
indicated  by  a  bar  in  Fig.  3.  The  full  line  merges 
with  the  dashed  SPL  boundary  at  ^peak  -  104 
cm2/V  •  s  which  accounts  for  the  lack  of  collec¬ 
tive  MI  transitions  in  poorer  mobility  Si  samples. 

We  conclude  that  there  is  mounting  experi¬ 
mental  evidence  for  a  low  temperature  transition 
to  a  collective  insulator  at  zero  magnetic  field  in 
high  mobility  Si-inversion  layers.  With  increasing 
disorder  or  decreasing  carrier  density,  the  collec¬ 
tive  insulator  state  is  driven  into  a  single-particle 
one.  The  collective  insulator  state  at  H  =  0  shares 
many  of  the  features  of  the  pinned  Wigner  solid. 
The  power  law  dependence  of  the  threshold  elec¬ 
tric  field  on  the  carrier  density  agrees  well  with  a 
model  involving  the  motion  of  dislocation  pairs  in 
an  electron  lattice.  The  frequency  spectrum  of 
the  narrowband  noise  and  its  current  dependence 
reflect  the  presence  of  at  least  short-range  order. 
A  crossover  to  an  Anderson  insulator  or  SPL 
regime  occurs  as  disorder  is  increased. 
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Abstract 

We  report  the  first  experimental  observation  of  a  magnetic-field  induced  transition  from  an  Anderson  insulator 
to  a  quantum  Hall  conductor  in  a  two-dimensional  electron  gas  (2DEG)  system.  With  sufficiently  strong  disorder, 
the  2DEG  is  an  Anderson  insulator  with  a  divergent  resistance  at  B  =  0.  The  2DEG  is  transformed  into  a  quantum 
Hall  conductor  when  the  lowest  Landau  level  is  filled.  This  magnetic-field-induced  delocalization  is  consistent  with  a 
recently  proposed  global  phase  diagram  for  the  quantum  Hall  effect. 


1.  Introduction 

It  is  now  generally  believed  that  in  the  absence 
of  a  magnetic  field  all  the  states  of  a  2DEG  are 
localized  in  the  presence  of  any  amount  of  disor¬ 
der  [1].  The  effect  of  an  applied  magnetic  field, 
however,  is  still  a  subject  of  much  debate  and  has 
become  central  to  most  discussions  of  localization 
in  quantum  Hall  systems.  The  presence  of  ex¬ 
tended  states  is,  of  course,  implied  by  the  obser¬ 
vation  of  the  quantum  Hall  effect  (QHE).  How¬ 
ever,  experimentally,  the  localization  length  in  a 
2DEG  is  estimated  from  £  -  exp(7 r2h/e2p\  here 
p  is  the  resistivity,  to  be  of  the  order  of  a  kilome¬ 
ter  even  in  very  “dirty”  devices.  This  means  that 
because  of  its  finite  size  (typically  of  order  1  mm), 
a  2DEG  system  is  effectively  delocalized  at  B  =  0. 

It  has  been  suggested  that  even  if  the  system 
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were  completely  localized  (with  no  extended 
states  below  the  Fermi  level  EF )  in  zero  magnetic 
field,  it  might  still  be  possible  to  observe  the 
QHE  since  the  system  may  be  subject  to  mag- 
netic-field-induced  delocalization.  In  this  regard, 
a  scaling  argument  has  been  developed  by 
Khmelnitskii  [2]  and  a  gedanken  experiment  pro¬ 
posed  by  Laughlin  [3].  The  idea  is  that  extended 
states  are  assumed  to  be  conserved  and,  as  a 
consequence  of  changing  disorder  or  magnetic 
field,  may  float  or  sink  relative  to  localized  states 
and  possibly  past  E¥.  A  schematic  illustration  of 
this  possibility  is  suggested  in  Fig.  1. 

Recently,  a  novel  global  phase  diagram  by 
Kivelson,  Lee  and  Zhang  [4]  predicted  a  series  of 
direct  Anderson  insulator  (a  special  type  called  a 
Hall  insulator  [5]  which  has  a  non-divergent  Hall 
resistance)  to  quantum  Hall  conductor  transitions 
as  a  consequence  of  delocalization  induced  by  a 
change  in  the  magnetic  field.  Motivated  by  this 
theoretical  phase  diagram,  we  have  conducted  an 
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experiment  on  a  system  which  can  serve  as  an 
Anderson  insulator  defined  by  having  all  of  its 
electronic  states  below  EF  localized  due  to  ran¬ 
dom  potential  fluctuations.  Experimentally,  al¬ 
though  the  transport  properties  of  the  two-di¬ 
mensional  electron  gas  (2DEG)  in  the  strong 
localization  regime  have  been  explored  as  early 
as  in  the  70 ’s  by  utilizing  silicon  inversion  layers 
[6],  the  delocalization  transition  has  not  been 
observed. 


2.  Results 

The  samples  used  in  the  present  work  were 
modulation-doped  Ga As /  AlGaAs  heterostruc- 


EF  i/2 

Energy 


Fig.  1.  The  density  of  states  versus  energy  for  three  different 
filling  factors.  For  simplicity,  spin  splitting  is  assumed  to  be 
unresolved.  Singular  Landau  levels  are  broadened  by  disorder 
into  bands  of  extended  states  (light  shading)  separated  by  tails 
of  localized  states  (dark  shading).  For  v  >  2  (low  magnetic 
field)  and  in  the  presence  of  sufficient  disorder,  there  are  no 
extended  states  below  the  Fermi  level;  as  a  result,  no  QHE  is 
observed  and  the  system  is  an  insulator.  The  case  v  =  2 
corresponds  to  a  quantum  Hall  conductor;  dissipation  is  pre¬ 
cluded  by  an  energy  gap  between  EF  and  the  next  available 
extended  state  into  which  scattering  can  take  place.  For  v  <2 
(high  magnetic  field),  there  are  once  again  no  extended  states 
below  Ef  and  the  system  is  a  regular  insulator. 


tures  fabricated  by  molecular  beam  epitaxy.  The 
active  2D  layer  was  formed  on  top  of  a  Si-doped 
AlGaAs  layer  without  the  conventional  undoped 
spacer  to  ensure  a  large  random  fluctuation  of 
the  impurity  potential.  A  Hall  bar  pattern  was 
etched  out  by  standard  lithographic  techniques 
and  an  aluminum  gate  was  evaporated  onto  its 
surface. 

As  expected,  depletion  was  achieved  by  in¬ 
creasing  the  gate  voltage  (and  thus  the  disorder) 
as  Rxx  rose  by  several  orders  of  magnitude  (see 
inset  of  Fig.  4).  That  is,  the  localization  length 
decreased  dramatically  as  the  screening  of  the 
random  potential  was  reduced  by  depletion.  The 
details  of  tuning  the  effective  disorder  by  chang¬ 
ing  the  density  is  described  elsewhere  [7].  As 
shown  in  the  figure,  at  low  VG  (high  density),  the 
2DEG  is  nearly  metallic,  characterized  by  a  tem¬ 
perature  independent  resistance  as  T  -»  0.  At  high 
VG  (low  density),  Rxx  shows  an  exponential  diver¬ 
gence  Rxx  as  T  ->  0  at  zero  magnetic  field  and  in 
fact  follows  the  well-known  Mott  law  R  ~ 
exp(T0/T)1/3  as  expected  for  an  Anderson  insu¬ 
lator,  as  shown  in  Fig.  2.  From  this  temperature 
dependence  and  Mott’s  law  [7],  we  estimate  a 
localization  length  of  about  1200  A,  correspond¬ 
ing  to  a  strongly  localized  system. 

To  determine  how  magnetic  field  affects  local¬ 
ization,  several  Rxx  versus  B  traces  were  taken 
in  the  depleted  (strongly  localized)  regime  at 


Fig.  2.  The  logarithmic  of  the  resistance  vs.  T~l/ 3  at  a  density 
of  1.66 X  10n/cm2.  The  data  show  insulator-like  behavior  for 
zero  magnetic  field  as  R  diverges  as  T  -*  0. 
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Fig.  3.  Top:  Hall  resistance.  For  fields  away  from  the  Landau 
level  filling  factor  of  v  =  2,  both  above  and  below,  Rxy  is 
nearly  classical.  A  well  resolved  plateau  is  developed  around 
v  =  2  at  low-temperature.  Bottom:  the  longitudinal  resistance 
Rxx  versus  magnetic  field  at  three  different  temperatures.  A 
minimum  is  seen  at  v  =  2  which  deepens  as  the  temperature  is 
lowered. 


different  temperatures.  For  fields  away  from  v  = 
2,  both  above  and  below,  variable-range  hopping 
behavior  was  observed  similar  to  the  zero-field 
case  and  the  Hall  resistance  is  approximately 
classical,  Rxy  =B/nec  (consistent  with  the  behav¬ 
ior  of  a  Hall  insulator).  On  the  other  hand,  at 
v  =  2  (defined  by  a  well  resolved  plateau  in  pxy 
with  the  value  of  (h/e2)/ 2)  a  deep  minimum  was 
observed  which  dropped  continuously  as  the  tem¬ 
perature  was  lowered.  This  minimum  is  thus  con¬ 
sistent  with  the  onset  of  a  quantum  Hall  conduct¬ 
ing  phase.  It  is  also  interesting  to  point  out  that  a 
well  defined  “crossing  point”  of  the  three  curves 
can  be  seen  around  B  =  2.6  T.  This  suggests  the 
possibility  of  a  critical  field  as  shown  in  Fig.  4  by 
the  horizontal  transition  and  certainly  warrants 
further  investigation. 

In  a  further  study  of  the  quantum  Hall  con¬ 
ductor  at  v  =  2,  we  were  able  to  map  out  the 


Fig.  4.  Semi-logarithmic  plot  of  Rxx  versus  temperature  at 
different  values  of  the  gate  voltage  VG  and  at  v  =  2.  For 
higher  values  of  |  VG  |,  Rxx  diverges  as  T  ->  0  as  expected  for 
an  Anderson  insulator.  For  lower  values  of  \VG\,  Rxx  ap¬ 
proaches  zero  as  T -*  0  as  expected  for  a  quantum  Hall 
conductor.  Critical  disorder  is  expected  to  be  at  VG  ~  -2.05 
V  which  separates  the  two  regions.  The  inset  shows  a  diver¬ 
gent  Rxx  as  |  VG  |  goes  up,  implying  an  increase  of  disorder  as 
a  function  of  VG. 

portion  of  the  global  phase  diagram  containing 
the  point  of  critical  disorder  on  the  insulator- 
quantum  Hall  conductor  phase  boundary  (Fig.  5). 


Fig.  5.  A  simplified  global  phase  diagram  for  the  quantum 
Hall  effect  (adapted  from  Ref.  [4]  and  modified).  Of  particu¬ 
lar  relevance  are  the  two  types  of  a  transition  from  an 
insulating  to  a  quantum  Hall  conducting  phase,  one  brought 
on  by  a  change  in  disorder  and  the  other  by  a  change  in 
magnetic  field  (or  filling  factor).  Critical  disorder  is  marked  by 
a  small  circle  in  the  case  of  the  former.  Note  that  spin 
splitting  is  not  considered. 
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Abstract 

We  present  microwave  measurements  of  the  diagonal  conductivity  crxx,  in  the  integer  quantum  Hall  regime.  Our 
frequencies  /  were  between  0.2  and  14  GHz,  and  the  temperature  T  was  >  50  mK.  Broadband  Re(a-XJC),  was 
measured  by  a  transmission  line  method.  The  widths  AB  of  Re(<r^)  peaks  between  IQHE  minima  increase  with  / 
roughly  as  (A B)  a/041  for  />  1  GHz.  At  lower  /  the  peak  width  dependence  on  /  saturates.  We  interpret  the 
increase  in  AB  with  /  as  due  to  dynamic  scaling.  The  exponent,  together  with  existing  estimates  of  the  localization 
length  exponent  v ,  yields  a  dynamic  exponent  z~  1. 


In  low-mobility  2D  samples,  transitions  be¬ 
tween  integer  quantum  Hall  effect  (IQHE)  steps 
have  recently  been  shown  [1]  to  be  characterized 
by  a  critical  exponent  k,  which  describes  the 
increasing  sharpness  of  a  transition  between 
IQHE  plateaus  as  the  temperature  T  decreases. 
The  magnetic  field  width,  AB,  of  a  transition  was 
found  to  decrease  with  T  according  to  A  B  ~  TK , 
with  k  ~  0.42.  Within  the  context  of  the  scaling 
theory  [2],  and  assuming  that  inelastic  scattering 
controls  the  effective  size  of  the  sample,  this 
power  law  can  be  related  to  the  divergence  of  the 
localization  length  £  as  the  magnetic  field  B  -> 
B  *,  where  5*  is  the  magnetic  field  at  which  the 
Fermi  energy  is  aligned  with  a  Landau  level. 

Quite  generally  for  continuous  phase  transi¬ 
tions,  a  divergent  characteristic  length  is  accom- 
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panied  by  a  divergent  characteristic  time.  Dy¬ 
namic  scaling  [3]  describes  the  time-dependent 
behavior  of  the  system  as  determined  by  this 
correlation  time.  Since  the  transitions  between 
IQHE  steps  are  critical  phenomena,  as  Ref.  [1] 
indicates,  with  f  diverging  as  f  ~  [  B  —  B  *  |  ~v9  we 
can  expect  that  there  is  a  concomitantly  diverging 
correlation  time  rc~\B  -  B*\~y  ~  £z  [4],  where 
z  =  v/y  is  the  dynamic  exponent.  Fisher  et  al.  [5] 
have  suggested  that  2=1, 

We  report  on  ac  measurements  of  Re(crXJC)  in  a 
sample  that  exhibits  the  IQHE,  for  a  frequency 
(/)  range  (0.2-14  GHz)  that  has  not,  to  our 
knowledge,  been  explored  previously.  Our  broad¬ 
band  Rd[axx(f)]  data  are  obtained  from  the  mea¬ 
sured  transmission  loss  of  an  Al  transmission  line 
that  was  patterned  on  the  sample  surface.  The 
sample  was  a  GaAs/Al^Ga^As  heterojunction 
grown  by  liquid  phase  epitaxy,  with  density  n  » 
4.2  X  1011  cm-2,  and  mobility  /x~4x  104  cm2/ 
V  *  s.  Its  properties  were  similar  to  those  of  other 
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It  turns  out  that  a  reasonable  parametrization  of 
disorder  is  achieved  by  the  zero  field  localization 
length  (estimated  from  the  temperature  de¬ 
pendence  in  the  variable-range  hopping  regime). 
As  we  decrease  £0  by  increasing  VG ,  the  width  in 
B  of  the  quantum  Hall  conductor  decreases  con¬ 
tinuously  until  finally  the  QHE  disappears  alto¬ 
gether  at  the  critical  value  VG  ~  -  2.05  V  (£  ~  800 
A).  For  |  VG  |  >  2.05  V,  a  pronounced  minimum  in 
Rxx  survives  but  diverges  as  T  ->  0  as  shown  in 
Fig.  4.  We  suggest  that  this  criticality  may  be 
described  as  a  percolation  threshold.  Lakes  of 
mobile  2D  electrons  (quantum  Hall  liquids)  be¬ 
come  intermingled  with  islands  of  localized  ones. 
Source-drain  conduction  becomes  likely  when 
the  amount  of  liquid  begins  to  exceed  the  amount 
of  land  as  the  disorder  is  reduced.  These  ob¬ 
served  “ critical”  behaviors  are  surprisingly  similar 
to  the  superconductor-insulator  transition  found 
in  superconducting  films  [8]. 


3.  Conclusion 

The  ability  to  tune  disorder  has  of  late  become 
a  powerful  experimental  tool  in  the  study  of 
localization  phenomena  in  2DEG  systems.  In 
particular,  we  have  demonstrated  a  magnetic- 
field-induced  transition  from  an  Anderson  insula¬ 
tor  (Hall  insulator)  to  a  quantum  Hall  conductor 
in  a  disordered  2DEG  system.  Consistent  with 


the  global  phase  diagram,  two  types  of  transitions 
were  observed,  one  brought  on  by  a  change  in  the 
magnetic  field  and  the  other  by  a  change  in  the 
disorder.  Furthermore,  above  a  critical  disorder 
no  transition  appears  to  be  possible  and  the  insu¬ 
lating  phase  persists,  irrespective  of  the  magnetic 
field. 
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Abstract 

The  quantum  Hall  liquid-Wigner  solid  phase  boundary  as  a  function  of  filling  factor,  density  (Landau-level 
mixing)  and  temperature  displays  a  rich  variety  of  phenomena.  More  importantly  the  density  and  temperature  range 
where  these  phenomena  could  take  place  are  in  an  experimentally  accessible  regime.  This  is  particularly  true 
because  of  the  availability  of  hole  samples. 

We  will  present  results  of  variational  Monte  Carlo  calculations  on  the  ground-state  energy  of  the  liquid  and  solid. 
Assuming  the  transition  is  first-order,  we  predict  the  density-dependent  phase  boundary  at  T  =  0  for  the  basic  filling 
factors  v  =  1/3,  1/5, 1/7,  and  1/9.  At  finite  temperatures,  treating  the  excitation  spectrum  as  phonons  for  the  solid 
and  magnetorotons  for  the  liquid,  we  can  calculate  the  low-temperature  properties  of  the  phase  boundary.  Because 
the  entropy  of  the  solid  coming  from  the  low-lying  shear  modes  is  large  compared  to  the  entropy  of  the  liquid,  i.e. 
there  is  a  gap  in  the  excitation  spectrum,  we  find  an  interesting  regime  where  the  liquid  freezes  as  the  temperature  is 
raised.  This  quantum  freezing  is  analogous  to  the  behavior  near  the  minimum  in  the  melting  of  the  solid 
helium-superfluid  helium  boundary. 


1.  Introduction 

It  is  well-known  that  a  two-dimensional  system 
of  electrons  will  form  a  Wigner  solid  in  two 
limits:  first,  as  the  magnetic  field  goes  to  infinity, 
the  size  of  the  cyclotron  orbits  of  the  electrons 
shrinks  to  the  vanishing  point,  and  behaving  like 
classical  point  charges,  they  form  a  Wigner  solid; 
and  second,  as  the  density  of  the  system  is  made 
very  small,  the  kinetic  energy  becomes  so  small 
with  respect  to  the  potential  energy  of  the  system 


*  Corresponding  author. 


that  it  is  negligible,  and  again  the  electrons  mini¬ 
mize  the  potential  energy  by  forming  a  Wigner 
solid.  In  terms  of  dimensionless  parameters  v 
and  rs,  these  limits  are,  respectively,  v  ->  0  and 
rs  ->  oo. 

At  the  other  extreme  in  density,  as  rs  ->  0,  at 
certain  rational  filling  factors  v=p/q ,  a  remark¬ 
able  quantum  liquid,  the  fractional  quantum  Hall 
or  Laughlin  liquid,  forms.  Most  theoretical  work 
has  focused  on  the  Wigner  solid-Laughlin  liquid 
phase  boundary  in  the  limit  of  infinite  density 
and  magnetic  field,  rs  =  0,  where  no  Landau-level 
mixing  occurs  [1],  which  is  a  good  approximation 
for  high-density  samples,  such  as  the  electron- 
doped  GaAs  heterostructures.  In  these  samples, 
rs  ranges  from  1  to  3  or  more,  and  transport 
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Fig.  1.  ReCcr^)  versus  B  ;  f  -  6.5  GHz;  T  ~  50  mK. 

samples  used  to  study  scaling  in  the  IQHE  [1,6]. 
The  sample,  with  a  microwave  source  (imple¬ 
mented  with  a  levelling  loop  [7])  and  a  detector, 
were  loaded  into  the  mixing  chamber  of  a  top¬ 
loading  dilution  refrigerator.  The  dc  resistances 
Rxx ,  Rxy,  and  the  relative  microwave  power 
transmission  P  were  measured  simultaneously. 

The  transmission  line  we  use  is  a  coplanar 
waveguide  [8]  (CPW)  meander  line.  The  mea¬ 
sured  loss  in  the  2DES  occurs  mainly  under  slots 
in  the  metallization.  The  slotwidth  w  ~  30  pm,  so 
the  length  scale  on  which  the  experiment  mea¬ 
sures  < Txx(f )  is  macroscopic.  Re(crVJC)  is  obtained 
from  the  measured  P,  by  analyzing  the  CPW 
arrangement  in  the  quasi-TEM  approximation  [9]. 

Fig.  1  shows  the  Re(axx)  versus  B  at  /=6.5 
GHz.  The  transitions  between  the  6.5  GHz  IQHE 
minima  are  wider  than  the  corresponding  transi¬ 
tions  in  dc  transport  traces.  For  all  our  /,  ReCo^) 
versus  B  exhibits  broad,  flat  IQHE  minima,  with 
Re(axx)  0,  for  integer  Landau  filling  factors 
i=  1,  2  and  4. 

For  f>  1  GHz,  axx  peaks  between  well-devel¬ 
oped  IQHE  minima  widen  as  /  increases,  roughly 


as  (A2?)a/r,  where  A B  is  the  peakwidth,  and 
y  ~  0.41.  The  power-law  behavior  can  be  inter¬ 
preted  as  due  to  dynamic  scaling,  where  the  expo¬ 
nent  is  related  to  the  rc  exponent  as  y  =  l/y. 
The  experimentally-determined  y  can  be  com¬ 
bined  with  existing  estimates  of  v  to  estimate  the 
dynamic  exponent  z.  Theoretical  [10]  and  experi¬ 
mental  [6]  estimates  of  v  are  in  agreement  that 
v  ~  7 /3.  This  v  is  close  to  that  obtained  from  the 
k  measured  in  Ref.  [1],  using  v=p/2k,  if  we 
assume  the  effective  size  of  the  sample  L  ~  T~p/2 
with  p  =  2.  Taking  v  =  7/3  together  with  l/y  =  y 
~  0.41  gives  z  =  v/y~  1.0. 


1.  References 


[1]  H.P.  Wei,  D.C.  Tsui,  M.  Paalenen  and  A.M.M.  Pruisken, 
Phys.  Rev.  Lett.  61  (1988)  1294. 

[2]  A.M.M.  Pruisken,  Phys.  Rev.  Lett.  61  (1988)  1297. 

[3]  P.C.  Hohenberg  and  B.I.  Halperin,  Rev.  Mod.  Phys.  49 
(1977)  435,  and  references  therein. 

[4]  S.  Kivelson,  D.-H.  Lee  and  S.-C.  Zhang,  Phys.  Rev.  B  46 
(1992)  2223. 

[5]  M.P.A.  Fisher,  G.  Grinstein  and  S.M.  Girvin,  Phys.  Rev. 
Lett.  64  (1990)  587. 

[6]  S.  Koch,  R.J.  Haug,  K.  von  Klitzing  and  K.  Ploog,  Phys. 
Rev.  Lett.  67  (1991)  883. 

[7]  Hewlett-Packard  Application  note  183,  High  Frequency 
Swept  Measurements  (1978). 

[8]  C.P.  Wen,  IEEE  Trans.  Microwave  Theory  Tech.,  MTT- 
17  (1969)  1087. 

[9]  T.  Itoh,  Ed.,  Planar  Transmission  Line  Structures  (IEEE, 
New  York,  1987). 

[10]  G.V.  Mil’nikov  and  I.M.  Sokolov,  JETP  Lett.  48  (1988) 
536; 

B.  Huckestein  and  B.  Kramer,  Phys.  Rev.  Lett.  64  (1990) 
1437; 

Y.  Huo  and  R.N.  Bhatt,  Phys.  Rev.  Lett.  68  (1992)  1375. 


R.  Price  et  al.  /  Surface  Science  305  (1994)  126-132 


127 


experiments  [2-4]  show  strong  fractional  quan¬ 
tum  Hall  effects  down  to  the  vicinity  of  v  =  1/5. 
As  v  approaches  1/5,  however,  the  longitudinal 
resistivity  begins  to  increase  exponentially  as  the 
temperature  T  -»  0.  At  1  /5,  the  longitudinal  re¬ 
sistivity  again  drops  to  zero,  due  to  the  v  =  1/5 
Laughlin  liquid,  then  below  1  /5  the  steep  rise  in 
longitudinal  resistivity  resumes.  This  high  longitu¬ 
dinal  resistivity  is  widely  believed  to  signal  the 
presence  of  a  pinned  Wigner  solid. 

A  recent  transport  experiment  with  hole  sam¬ 
ples  [5]  has  shown  a  very  similar  behavior  in  the 
vicinity  of  v  =  1/3.  The  carriers  in  these  samples 
are  heavy  holes,  and  as  a  consequence  of  their 
high  effective  mass,  they  can  have  rs  from  8  to  15 
or  more.  Landau-level  mixing  is  much  more  im¬ 
portant  at  high  rs,  as  the  separation  between 
Landau  levels  h(oc  ~  l/i /rs2,  and  the  authors  cite 
this  increase  in  Landau-level  mixing  as  the  cause 
of  the  shift  in  the  phase  boundary  toward  higher 
v. 

Other  recent  experiments  [6,7],  done  by  optical 
means  at  somewhat  higher  temperatures  than  the 
transport  experiments  in  electron  samples  with 
rs  —  1  to  3,  show  evidence  of  fractional  quantum 
Hall  states  all  the  way  down  to  v  =  1/9.  These 
authors  propose  a  phase  diagram  in  which  liquid 
phases  at  v  =  1/5,  1  /7,  and  1  /9  are  surrounded 
by  solid  phases,  and  the  solid  phase  dominates  at 
all  v  <  1/9. 

In  this  paper  we  compare  the  ground-state 
energies  of  variational  wavefunctions  for  the  liq¬ 
uid  and  the  solid  at  fixed  filling  factors  v  =  1/3, 
1/5,  1/7,  and  1/9  as  rs  is  allowed  to  vary.  We 
find  a  zero-temperature  phase  transition  from 
liquid  to  solid  at  rsc  ~  22  for  v  =  1/3,  rsc  ~  15  for 
v  =  1/5,  and  we  find  that  at  zero  temperature  the 
solid  is  always  favored  over  the  liquid  for  v  —  1/7 
and  1  /9.  Disorder  tends  to  favor  the  solid  phase, 
lowering  rsc  somewhat,  particularly  at  v  =  1/5. 
We  next  calculate  free  energies  for  liquid  and 
solid  at  the  same  filling  fractions  by  assuming  that 
at  low  temperatures  only  the  lowest-lying  modes 
are  occupied,  and  we  find  a  curious  re-entrant 
freezing  behavior  at  v  =  1/3  and  1/5  when  rs  is 
slightly  less  than  the  zero-temperature  freezing 
point  rsc:  as  the  temperature  T  is  raised  from 
zero,  the  liquid  freezes  into  a  Wigner  solid,  then 


at  still  higher  temperatures  melts  again  into  a 
Laughlin  liquid.  At  lower  filling  factors  v=l/l 
and  1  /9,  we  find  melting  temperatures  consistent 
with  the  observation  of  a  Wigner  solid  in  the 
extremely  low-temperature  transport  experi¬ 
ments,  and  a  Laughlin  liquid  in  the  somewhat 
higher-temperature  luminescence  experiments. 


2.  Zero  temperature 


If  all  the  electrons  in  the  system  are  confined 
to  the  lowest  Landau  level,  the  ground-state  en¬ 
ergy  Ev{r s)  at  a  fixed  v  will  go  as  l/rs,  since 
there  is  no  kinetic  energy  in  the  system  and  the 
potential  energy  will  be  on  the  order  of  e2 /a, 
where  a  =  (i rn)~1/2,  with  n  the  particle  density. 
When  the  magnetic  field  is  finite,  however,  we 
can  trade  off  some  kinetic  energy  for  an  im¬ 
proved  potential  energy  by  including  basis  func¬ 
tions  from  higher  Landau  levels  in  a  variational 
wavefunction.  As  rs  increases,  the  kinetic  energy 
cost  of  Landau-level  mixing  drops  and  the  elec¬ 
trons  can  be  localized  further,  until  finally  at 
rs  ->  oo  the  electrons  are  localized  completely  and 
the  system  forms  a  Wigner  solid  with  the  lowest 
possible  potential  energy,  the  Madelung  energy 
Ed(rs)=  “2.212/rs.  (Energy  is  given  in  units  of 
( e2/e)/2aB ,  where  aB  is  the  Bohr  radius.)  At 
v  =  l/3,  for  instance,  El/3(rs)  =  -2.009/rs  for 
the  Laughlin  wavefunction,  which  is  entirely  in 
the  lowest  Landau  level.  At  some  intermediate  rs 
the  total  energy  must  drop  more  rapidly  than 
1  /rs  to  approach  the  Madelung  energy. 

A  variational  wavefunction  for  the  liquid  which 
interpolates  in  some  sense  between  a  wavefunc¬ 
tion  with  the  lowest  possible  kinetic  energy,  the 
Laughlin  wavefunction,  and  a  wavefunction  with 
the  lowest  possible  potential  energy,  in  which  the 
electrons  are  completely  localized,  might  be  ex¬ 
pected  to  be  a  good  variational  choice.  To  that 
end,  we  have  chosen  a  variational  wavefunction 
that  consists  of  the  Laughlin  wavefunction  i)jm 
( m  —  \/v)  multiplied  by  a  Jastrow  factor 
nl<ye-/*\  where  rtj  is  the  distance  between 
the  /th  and  ;th  particles  and  a  is  the  variational 
parameter.  When  a  =  0,  we  recover  the  Laughlin 
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wavefunction,  and  when  a  #  0,  the  wavefunction 
is  no  longer  analytic  and  higher  Landau  levels  are 
mixed  in.  The  Jastrow  factor  introduces  more 
correlations  into  the  wavefunction,  lowering  the 
potential  energy,  while  introducing  a  kinetic  en¬ 
ergy  cost. 

Details  of  the  calculation  are  given  in  Ref.  [8], 
so  we  will  only  review  it  briefly  here.  We  used  the 
spherical  geometry,  in  which  our  wavefunction 
becomes 

K  =  FI  (u,Vj  -  UjVi)m  exp 

i<j 

(i) 

where  ut  =  e_1<^/2  cos(^/2),  vt  =  e^‘'/2  sin(0-/2) 
are  convenient  spinor  coordinates,  and  the  dis¬ 
tance  between  particles  i  and  j  is  taken  as  the 
chord  distance  rij  =  2R\uivj-  UjV^.  The  Hamil¬ 
tonian  can  be  written  as 

12  2 

H=~~,T+  —  V - N3/2,  (2) 

r z  r  r 

’  s  '  s  '  s 

where  T  is  the  kinetic  energy  operator,  V  is  the 
potential  energy  operator  and  the  last  term  is  the 
contribution  from  the  uniform  background 
charge.  Then  the  energy  of  the  system  becomes 

EM,  rs)  -  (ra\H\rJ  =  4 TM )  +  7  VM) 

r  S  rs 

-  -N3/2,  (3) 

rs 

where  Tv(a)  =  and  K(a )  = 

(ftal  V 1 4* a )  •  We  evaluated  the  energy  of  the 
wave-function  using  the  Metropolis  algorithm,  but 
instead  of  choosing  an  rs  before  the  Monte  Carlo 
code  ran  and  doing  a  minimization  at  that  time, 
we  evaluated  Tv(a)  and  Vv(a)  for  a  sufficient 
number  of  values  of  a  to  fit  a  smooth  curve  to 
the  points,  and  did  the  minimization  for  some 
particular  rs  after  the  Monte  Carlo  code  ran.  In 
this  way  we  avoided  duplicating  calculations  for 
different  rs,  and  the  curve  fitting  was  used  to 
average  out  some  of  the  remaining  statistical  noise 
in  the  Monte  Carlo  estimates  of  Tv(a)  and  Vv(a). 

In  order  to  determine  the  value  of  rs  at  the 
liquid-solid  phase  boundary  we  need  a  rather 


accurate  evaluation  of  the  solid.  Lam  and  Girvin 
[1]  evaluated  the  energy  of  a  correlated  Wigner 
solid  wavefunction 

^=exPJlE'w,)n^(^)>  (4) 

where  =  z}  —  Ri7  Bij  =  B(Ri  —  Rj),  and 

<M zi)  =  exp(  -  5  [ 1 2,'  -  Ei I2  -  ( z*  -  ^f)]) • 

(5) 

Here  zt  =xi  +  iyi  is  the  ith  particle  position  and 
Ri=Xi  +  i Yi  is  the  ith  lattice  site.  ^  is  the  har¬ 
monic  crystal  wavefunction  restricted  to  the  low¬ 
est  Landau  level,  and  the  variational  parameters 
Bi}  are  calculated  by  using  the  values  derived 
from  the  harmonic  crystal.  However,  in  order  to 
make  a  reasonable  comparison  of  solid  and  liquid 
wavefunctions,  we  need,  as  discussed  above,  a 
wavefunction  which  includes  Landau-level  mix¬ 
ing. 

Zhu  and  Louie  [9]  have  recently  completed  a 
study  of  the  ground-state  energy  of  the  Wigner 
crystal  including  Landau-level  mixing.  Their  cal¬ 
culation  is  similar  to  Lam  and  Girvin’s,  except 
that  two  more  variational  parameters  were  added 
to  the  wavefunction  to  put  in  more  correlations  at 
the  expense  of  some  Landau-level  mixing.  They 
first  followed  Lam  and  Girvin’s  method  with  the 
exception  that  the  gaussians  in  the  single-particle 
wave-functions  (5)  were  “squeezed”  to  move  the 
electrons  farther  away  from  each  other,  by  mak¬ 
ing  the  replacement 

exp( -|| Zi-Ri |2)  -»  exp( -£| z,- - Rt |2).  (6) 

Varying  the  parameter  ft  away  from  1/4  intro¬ 
duces  Landau-level  mixing  into  the  wavefunction 
because  the  single-particle  wavefunctions  4>p(R^ 
are  no  longer  eigenstates  of  the  single-particle 
Hamiltonian.  Zhu  and  Louie  then  multiply  the 
wavefunction  by  another  Jastrow  factor,  and  the 
wavefunction,  with  two  variational  parameters  a 
and  /3  is  then 

=  exp  j  E '  UAjSj- 7«(lz,-7l)]J 
i 


(7) 
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where 

u(r)  =  -L(  (8) 

and  F  is  a  constant  chosen  to  optimize  the 
pseudo-potential  at  small  r.  Zhu  and  Louie  var¬ 
ied  Bu  as  well  as  0,  but  found  that  varying  Bi} 
had  very  little  effect  on  the  energy,  as  Lam  and 
Girvin  had  suggested.  The  quantum  Monte  Carlo 
calculations  were  done  with  modified  periodic 
boundary  conditions  [9],  which  require  the  addi¬ 
tion  of  an  unimportant  phase  factor  to  the 
single-particle  wavefunctions  (5). 

In  addition  to  all  uncertainties  connected  with 
accuracy  in  the  calculation  for  the  liquid  and 
solid  energy  in  the  absence  of  impurities,  we  must 
concern  ourselves,  at  least  qualitatively,  with  the 
effects  of  impurities.  Even  in  the  best  samples  we 
expect  the  electrons  to  couple  to  a  rather  slowly 
varying  random  potential  produced  by  the  dopant 
atoms,  typically  Si,  offset  from  the  interface  by 
hundreds  of  angstroms.  The  electrons  can  in  fact 
lower  their  energy  somewhat  by  changing  their 
local  density  to  accommodate  the  local  impurity 
potential.  Since  the  liquid  is  incompressible  at 
fillings  like  v  =  1/3,  to  lowest  order  in  the  poten¬ 
tial  fluctuations,  it  will  not  be  able  to  do  this.  The 
solid  on  the  other  hand  is  compressible.  For  a 
weak  smoothly  varying  potential,  simple  argu¬ 
ments  based  on  an  elastic  medium  description  of 
the  WS  indicate  that  the  energy  gained  by  the 
solid  is  very  roughly  [10] 


where  vt  =  (0.138e2/wa)1/2  is  the  transverse 
sound  velocity  in  the  absence  of  the  magnetic 
field  and  £  is  the  correlation  length  for  the  dis¬ 
torted  WS.  Depending  on  the  quality  of  the  sam¬ 
ple,  we  might  expect  5a  <£  <50a.  If  £  =  50 a, 
the  effect  on  the  solid  energy  will  be  minimal, 
and  the  solid  energy  will  be  given  by  the  upper 
solid  line  in  Fig.  1,  whereas  if  £  =  5a ,  the  solid 
energy  will  be  shifted  to  the  value  shown  by  the 
lower  solid  line.  At  v  =  1/3  the  solid  energy 
crosses  the  liquid  energy  at  a  relatively  large 
angle,  so  if  we  take  £  =  5  a  the  transition  point 
may  change  by  Ars  ~  2  or  3,  but  at  v  =  1/5,  the 


Fig.  1.  Liquid  and  solid  energies  as  a  function  of  rs  for  the 
v  =  1/3  and  v  =  1/5  state.  The  dashed  curves  are  liquid 
energies,  and  the  solid  lines  are  linear  interpolations  between 
the  points  at  rs  =  2  and  rs  =  20  of  Zhu  and  Louie,  both  with 
and  without  impurities  (assuming  £  =  5a). 

slope  of  the  two  curves  is  more  nearly  equal,  and 
the  transition  point  may  change  by  A  rs  ~  10  or 
more.  Of  course,  we  do  not  know  the  coherence 
length,  and  (9)  is  only  a  rough  estimate. 

3.  Finite  temperature 

At  finite  temperature,  we  need  to  know  some¬ 
thing  about  the  excited  states  of  the  system  as 
well  as  the  ground-state  energies  in  order  to 
make  comparisons  between  the  liquid  and  the 
solid.  However,  because  the  temperatures  of  in¬ 
terest  are  so  low,  we  need  only  know  the 
lowest-lying  modes  (ok  of  both  the  solid  and  the 
liquid  to  calculate  the  free  energy.  Then  the  free 
energy  is 

F  =  E  +  log(  1  —  e~b>k/T) , 
k 


(10) 
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where  E  is  the  ground-state  energy  and  the  cok 
are  the  lowest  lying  excitations  of  either  the  liq¬ 
uid  or  the  solid.  For  the  Wigner  solid  these 
excitations  are  the  transverse  magnetophonons 
(o%s.  We  evaluated  the  free  energy  Fws  of  the 
solid  using  the  ground-state  energy  Ews  from 
Ref.  [9],  and  the  harmonic  magnetophonons 
calculated  in  the  same  way  as  Bonsall  and 
Maradudin  [12].  The  sum  in  (10)  was  evaluated  by 
averaging  over  the  Brillouin  zone  by  the  method 
of  Cunningham  [13],  so  the  result  is  exact  in  the 
harmonic  approximation.  It  is  useful,  however,  to 
examine  the  form  of  the  transverse  magne¬ 
tophonons  in  the  long-wavelength  limit 


O) 


ws  _ 


0.526 


v  e2/e 
2 aB 


( ka ) 


3/2 


Substituting  into  (10)  we  find 


Fws  _  £-ws  _  0.701 


2  a. 


v  e2/e 


4/3 


T1/ 3, 


(li) 


(12) 


and  the  free  energy  of  the  solid  phase  goes  as 
T7/3  at  low  temperatures. 

On  the  liquid  side,  since  we  are  interested 
primarily  in  the  lowest-lying  modes  of  the  magne- 
toroton  spectrum,  we  can  approximate  the  mag- 
netoroton  mode  by 


,  XL 
<»k 


(fr-frR)2 

2raR 


+  AR, 


(13) 


where  mR  is  an  effective  mass  for  the  magnetoro- 
tons  near  the  minimum.  Here  we  have  used  the 
magnetoroton  spectrum  calculated  in  the  lowest 
Landau  level.  In  Ref.  [17]  Girvin,  MacDonald, 
and  Platzman  find  that  the  magnetoroton  spec¬ 
trum  becomes  flat  at  large  k ,  which  if  continued 
to  k  ->  oo  would  cause  the  free  energy  to  diverge 
at  any  T  >  0.  Diagonalizations  of  small  systems, 
however,  show  that  the  magnetoroton  spectrum 
always  cuts  off  at  some  finite  k ,  followed  at 
higher  k  by  other  states  with  rapidly  rising  en¬ 
ergy,  thus  avoiding  this  divergence.  Then  only  the 
lowest-lying  magnetoroton  modes  are  important, 
and  a  parabolic  approximation  to  the  spectrum 
works  well. 

Rappe,  Zhu,  and  Louie  [14]  have  very  recently 
calculated  the  magnetoroton  spectrum  as  a  func¬ 


tion  of  rs  for  v  -  1  /3,  and  find  that  at  rs  =  20, 
the  magnetoroton  spectrum  has  fallen  only  about 
10%  below  the  lowest  Landau  level  value.  At 
v  =  l/5,  1/7,  and  1/9  the  amount  of  Landau- 
level  mixing  found  in  Ref.  [8]  is  much  less  than 
that  found  at  v  =  1  /3,  so  using  the  lowest  Lan¬ 
dau-level  spectrum  is  an  excellent  approximation. 
Assuming  that  only  the  modes  in  the  vicinity  of 
the  minimum  contribute,  the  free  energy  per  par¬ 
ticle  of  the  liquid  is 

k  l 2 

FLL  =  ELh(rs)-(2irmK)1/2-^T3/2  e~A«/T, 

(14) 


which  goes  exponentially  at  small  T  <AR. 

Because  the  excitations  of  the  liquid  display  a 
gap,  at  very  low  temperatures  T«:zlR,  even  the 
lowest  lying  modes  at  the  minimum  kR  remain 
unoccupied,  while  the  low-lying  modes  of  the 
solid,  which  have  no  gap,  begin  to  fill  immedi¬ 
ately.  The  free  energy  of  the  solid  then  falls  as  a 
power  of  T,  while  the  free  energy  of  the  liquid 
remains  constant.  In  this  range  of  temperature,  if 
we  have  chosen  rs  such  that  the  liquid  ground 
state  is  favored  only  slightly,  the  growing  entropy 
of  the  solid  can  cause  the  free  energy  of  the  solid 
to  drop  below  that  of  the  liquid,  and  the  system 
freezes  into  a  Wigner  solid  as  temperature  rises. 
When  the  temperature  begins  to  approach  the 
roton  gap  energy,  however,  the  free  energy  of  the 
liquid  begins  to  fall  exponentially  as  the  states 
become  occupied.  Because  the  density  of  states  at 
the  roton  gap  energy  is  very  large,  this  exponen¬ 
tial  rise  is  very  rapid  and  the  liquid  free  energy 
quickly  falls  below  that  of  the  solid,  and  the 
system  melts  into  a  Laughlin  liquid  once  again. 

In  Fig.  2  we  have  plotted  the  phase  boundary 
as  a  function  of  rs  and  T  for  a  hole  sample  with 
effective  mass  m*  =  0.3rae  at  filling  factor  v  = 
1  /3  and  1  /5.  The  phase  boundary  at  v  =  1/3 
behaves  as  expected:  there  is  a  temperature  re¬ 
gion  for  rs  <  rsc  where  the  liquid  is  stable  at 
T  =  0.  The  liquid  freezes,  in  this  case  at  a  tem¬ 
perature  of  ~  1  K,  followed  by  a  magnetoroton 
entropy  triggered  melting  at  ~3  K.  The  effects 
of  impurities  will  shift  the  boundary  to  the  left  by 
a  small  amount  in  rs,  and  may  also  push  the  top 
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of  the  phase  boundary  down  somewhat.  At  v  = 
1  /5,  impurities  play  a  much  larger  role,  since  the 
energy  difference  between  liquid  and  solid  is 
much  smaller,  but  we  would  expect  the  general 
features  of  the  phase  diagram  to  remain;  that  is, 
below  rsc,  the  system  remains  a  liquid  at  all  tem¬ 
peratures,  well  above  rsc  the  system  is  a  solid  at 
low  temperatures,  melting  at  some  point  probably 
lower  than  shown  in  Fig.  2,  and  just  above  rsc  a 
narrow  re-entrant  regime  exists. 

The  phase  boundaries  for  v  =  \/l  and  1/9  for 
an  electron  sample  with  m*  =  0.068rae  are  shown 
in  Fig  3.  Here  the  ground-state  energy  of  the 
solid  is  lower  than  that  of  the  liquid  for  all  rs,  so 
there  is  no  re-entrant  melting  possible.  The  rela¬ 
tionship  of  the  melting  temperature,  shown  as  the 
solid  lines,  to  the  size  of  the  magnetoroton  gap, 
shown  as  the  dash-dotted  lines,  is  clearly  visible. 
Melting,  as  a  rule,  will  occur  roughly  at  some 
constant  fraction  of  the  magnetoroton  gap.  The 
melting  temperatures  we  find  are  roughly  compa¬ 
rable  to  the  classical  Kosterlitz-Thouless  melting 
temperature,  although  there  is  no  theoretical  rea¬ 
son  to  expect  them  to  be  closely  related. 

Disorder  in  the  sample  will  have  varying  ef¬ 
fects  on  the  ground-state  and  temperature-de- 


Fig.  2.  The  finite-temperature  liquid-solid  phase  boundary  at 
v  =  1/3  and  1  /5,  where  m*  =  0.3me.  Impurity  effects  are  not 
shown  in  this  plot. 


Fig.  3.  The  phase  boundary  between  Wigner  solid  and  Laugh- 
lin  liquid  at  v  —  \/l  and  1  /9.  The  solid  line  is  the  boundary 
in  the  absence  of  disorder,  the  dashed  line  is  the  boundary 
when  an  estimate  of  disorder  effects  is  included,  and  the 
dash-dotted  line  is  the  theoretical  AR. 

pendent  parts  of  (14)  and  (12).  The  ground-state 
energy  of  the  liquid  is  to  lowest  order  indepen¬ 
dent  of  the  disorder  in  the  sample,  while  as  we 
have  seen,  the  solid  ground-state  energy  falls 
relative  to  the  liquid  by  an  amount  given  in  (9). 
The  lowest-lying  modes  of  the  solid  and  liquid 
are  affected  in  different  ways  as  well.  The  magne¬ 
toroton  gap  of  the  liquid  is  significantly  reduced 
by  disorder  [15,16].  At  v  =  1/5,  AR  is  measured 
in  transport  experiments  [3]  as  1.1  K,  while  the 
single-mode  approximation  of  Ref.  [17]  which  we 
have  used  gives  AR  =  5.6  K  for  the  sample  of  Ref. 
[3].  The  luminescence  measurements  give  magne¬ 
toroton  gaps  2iR<0.4  K  at  ^  =  1/7,  and  zlR< 
0.25  K  at  v  =  1/9  for  a  sample  with  rs  =  2.3. 
These  experiments  measure  the  magnetoroton 
energy  at  small  k ,  not  at  the  magnetoroton  mini¬ 
mum,  so  they  may  be  high  by  a  factor  of  two  or 
more.  The  presence  of  disorder  will  open  a  small 
gap  in  the  magnetophonon  spectrum,  but  this  gap 
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will  have  a  negligible  effect  on  the  free  energy  of 
the  solid,  since  it  is  centered  at  the  origin  of  the 
Brillouin  zone,  where  the  density  of  states  is 
small. 

The  result  of  moving  the  ground-state  energy 
of  the  solid  down  by  setting  the  correlation  length 
£  =  5  a  and  using  the  measured  values  of  A  R  from 
the  luminescence  experiments  are  shown  in  Fig.  3 
as  the  dashed  line.  In  spite  of  the  shift  in 
ground-state  energy  favoring  the  solid  at  low  tem¬ 
peratures,  the  exponential  drop  in  the  free  energy 
of  the  liquid  near  the  magnetoroton  gap  tempera¬ 
ture  moves  the  melting  temperature  down  to 
about  400  mK  for  both  v  =  1/7  and  1/9.  If  the 
true  Ak  is  half  the  measured  value,  this  tempera¬ 
ture  may  be  expected  to  fall  very  roughly  by  half 
as  well.  Of  course,  we  do  not  know  the  precise 
amount  of  disorder  in  the  samples,  but  our  calcu¬ 
lation  shows  that  the  Wigner  solid  may  melt  at  a 
temperature  equivalent  or  slightly  below  those  of 
the  luminescence  experiments,  while  remaining  a 
solid  at  the  lower  temperatures  of  the  transport 
experiments. 
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Abstract 

We  propose  a  unified  transport  theory  for  the  two-dimensional  electron  gas  (2DEG)  in  the  dissipative  quantum 
Hall  regime  in  the  presence  of  a  long-range  disorder.  We  find  that  the  evolution  of  the  longitudinal  conductivity 
peaks  as  a  function  of  the  disorder  can  be  described  by  a  single  parameter  (3  " 1  which  is  determined  by  the  typical 
gradient  of  the  electron  density  fluctuations.  In  the  case  of  relatively  strong  disorder  we  utilize  the  edge  states 
network  model  to  describe  transport  in  a  half-filled  Landau  level.  In  the  fractional  quantum  Hall  regime  we  apply 
the  network  model  to  the  system  of  composite  fermions  finding  universal  values  of  the  resistivity  at  even-denomina¬ 
tor  filling  fractions.  The  breakdown  of  the  network  model  takes  place  at  weak  disorder  because  the  edge  channels 
develop  into  wide  compressible  strips  and  at  strong  disorder  because  of  the  destruction  of  the  incompressible  strips, 
isolating  the  edge  channels.  We  find  the  limits  of  the  applicability  of  the  network  model  in  terms  of  jS.  In  the  limit  of 
very  weak  disorder  the  system  is  effectively  a  Fermi-liquid  of  composite  fermions.  We  calculate  the  conductivity  in 
this  regime  by  considering  the  motion  of  non-interacting  fermions  in  a  spatially  varying  magnetic  field  arising  from 
the  density  fluctuations.  The  resistivity  is  found  to  scale  linearly  with  the  magnetic  field  with  the  slope  given  by  /3~\ 
Although  the  presence  of  the  non-local  transport  makes  measurements  of  the  resistivity  difficult,  we  find  qualitative 
and  in  some  cases  quantitative  agreement  with  experiment. 


Until  recently,  most  studies  of  the  quantum 
Hall  effect  focused  on  the  dissipationless  regime 
characterized  by  a  quantized  Hall  conductance 
[1].  Much  less  attention  was  given  to  the  dissipa¬ 
tive  regime,  which  is  characterized  by  an  unquan¬ 
tized  Hall  conductance  and  a  finite  longitudinal 
resistivity.  A  brief  look  at  experimental  data,  Fig. 
1,  reveals  an  extraordinary  diversity  of  the  ob¬ 
served  longitudinal  resistivity  values,  which  seem 
to  vary  from  sample  to  sample.  Recently  a  signifi¬ 
cant  effort  was  devoted  to  providing  some  theo¬ 
retical  basis  for  the  dissipative  regime.  The  sev- 
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eral  approaches  to  this  problem  include  the  net¬ 
work  model  [2-4],  the  law  of  corresponding  states 
[5,6],  and  the  Fermi-liquid  description  [7,8].  How¬ 
ever,  it  is  not  clear  what  the  relationship  between 
those  theories  is  and  whether  they  can  explain 
the  diversity  in  experimental  data. 

The  purpose  of  this  paper  is  to  incorporate 
these  approaches  into  a  single  picture,  in  which 
the  relationship  between  various  regimes  is  deter¬ 
mined  by  a  single  parameter  reflecting  the  level 
of  disorder,  and  to  find  the  longitudinal  resistivity 
for  different  values  of  the  parameter.  We  are 
able  to  do  this  for  the  case  of  high-mobility  GaAs 
heterostructures  where  disorder  is  known  to  be  of 
long-range  nature:  it  comes  from  a  non-uniform 
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distribution  of  donors  set  back  from  the  2DEG 
plane  by  the  spacer  thickness  ds.  Due  to  very 
good  screening  by  the  2DEG  at  zero  magnetic 
field  the  long-range  disorder  potential  is  trans¬ 
lated  into  electron  density  fluctuations.  The  char¬ 
acteristic  length  scale  of  these  fluctuations  is  of 
the  order  of  ds ,  while  the  ratio  of  the  average 
electron  density,  ne,  to  the  typical  amplitude  of 
the  density  fluctuations,  8ne,  provides  a  natural 
large  parameter  p,  on  which  our  theory  is  based. 

The  value  of  p  can  be  found  approximately 
from  the  following  consideration  [9,10].  In  an 
ungated  heterostructure  the  concentration  of  ion¬ 
ized  donors  is  equal  to  the  electron  concentration 
ne.  The  number  of  ionized  donors  in  a  square 
with  side  ds  is  equal  to  ned 2.  The  typical  fluctua¬ 
tion  in  the  number  of  donors  is  given  by  (ned2)l/2. 
This  leads  to  the  value  of  the  relative  density 
fluctuation  p  =  nc/8n&  ~  {n~&ds.  A  more  rigorous 
calculation  for  the  case  of  an  uncorrelated  donor 
distribution  yields  [11] 

P  =  /8t7  neds.  (1) 


In  typical  high-quality  heterostructures  p  ~  10- 
40. 

Our  basic  picture  is  that  in  a  strong  magnetic 
field,  at  a  filling  factor  between  the  quantum  Hall 
plateaus,  the  electron  system  breaks  up  into  in¬ 
compressible  regions  corresponding  to  the  integer 
or  fractional  states  [9,12],  Fig.  2.  Those  regions 
are  separated  by  edge  channels  which  form  a 
percolating  network.  We  refer  to  these  channels 
as  the  bulk  edge  channels.  Depending  on  the 
value  of  p  and  the  filling  factor  the  bulk  edge 
channels  can  be  either  wide  or  narrow,  which 
turns  out  to  be  crucial  for  transport  properties. 

Although  the  longitudinal  resistivity  is  mea¬ 
sured  at  a  fixed  value  of  p  with  magnetic  field 
being  varied,  it  is  enlightening  to  consider  the 
evolution  of  resistivity  between  the  quantum  Hall 
plateaus  with  the  variation  of  p,  while  neglecting 
the  electron  spin. 

First,  let  us  focus  on  the  resistivity  at  a  half-in¬ 
teger  filling  factor.  In  the  case  of  strong  disorder 
(small  p)  peaks  in  longitudinal  resistivity  between 
the  IQHE  plateaus  become  infinitely  sharp  at  low 


Fig.  1.  pxx  and  pxy  as  a  function  of  the  magnetic  field  in  a  very  high-mobility  heterostructure.  (Source:  Willett  et  al.  [23].)  We  have 
added  labels  to  indicate  our  diagnosis  of  the  principal  sequence  peaks.  Notice  that  the  scale  is  reduced  by  the  factor  2.5  for 
magnetic  fields  higher  than  12  T. 
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Fig.  2.  Break-up  of  the  electron  system  into  the  incompress¬ 
ible  and  compressible  liquid  regions.  White  regions  represent 
incompressible  liquid,  while  shaded  regions  correspond  to 
compressible  liquid:  localized  edge  channels  are  dotted,  ex¬ 
tended  channels  are  gray. 

temperature.  The  related  critical  phenomena  was 
studied  extensively  both  theoretically  and  experi¬ 
mentally  [13].  Thus,  we  call  this  peak  critical.  In 
this  case  the  bulk  edge  channels  are  very  narrow 
allowing  one  to  describe  them  as  one-dimensional 
channels  comprised  in  a  network.  It  was  found  in 
Refs.  [2,3]  by  using  the  Landauer  formula  that 
the  conductivity  tensor  of  such  a  network,  simpli¬ 
fied  to  a  square  lattice,  Fig.  3,  is 

crxNx=l/2(e2/27rh), 

<=l/2(e2/27rft),  (2) 

where  N  stands  for  the  Landau  level  number. 
The  same  conductivity  tensor  has  been  found  [14] 


Fig.  3.  The  simplified  network  of  directed  (edge  or  snake) 
channels. 


in  a  numerical  simulation  of  a  system  of  non-in¬ 
teracting  electrons  with  short-range  disorder,  sug¬ 
gesting  that  this  value  may  be  universal.  Thus,  we 
find  that  the  contribution  of  the  topmost  Landau 
level  is  independent  of  its  number.  The  lower 
Landau  levels  contribute  only  to  the  Hall  conduc¬ 
tivity.  Therefore,  the  longitudinal  resistivity  peaks 
should  scale  as  magnetic  field  squared. 

As  p  is  increased,  the  typical  gradient  of  the 
electron  density  distribution  at  zero  magnetic  field 
becomes  smaller  and  the  bulk  edge  channels  ac¬ 
quire  a  finite  width  [10,15—17],  developing  into 
strips  of  compressible  liquid.  When  a  bulk  edge 
channel  is  wide  it  cannot  be  described  as  a  one¬ 
dimensional  channel.  The  value  of  the  chemical 
potential  may  vary  across  the  channel  [18,19] 
making  the  network  model  invalid.  Consequently, 
the  peak’s  height  is  reduced  from  its  critical  value 
and  the  peak  does  not  look  as  sharp.  We  call  this 
peak  “pregnant”  because  it  is  about  (as  disorder 
is  reduced)  to  give  birth  to  the  fractional  states. 

At  larger  values  of  p  there  is  a  slight  depres¬ 
sion  in  the  longitudinal  resistivity  rather  than  a 
peak  at  a  half-integer  filling  factor.  The  edge 
channel  network  disappears  because  the  com¬ 
pressible  liquid  occupies  the  whole  plane.  Such  a 
system  is  a  Fermi-liquid  of  composite  fermions 
[7,8],  Exactly  at  a  half-integer  filling  factor  the 
average  effective  magnetic  field  acting  on 
fermions  is  zero.  The  variation  of  the  filling  fac¬ 
tor  leads  to  the  appearance  of  the  Shubnikov-de 
Haas  oscillations  which  develop  into  the  quantum 
Hall  effect.  Thus,  the  principal  sequence  of  the 
FQHE  is  interpreted  in  terms  of  the  IQHE  for 
the  composite  fermions  [21],  This  leads  to  a 
straightforward  generalization  of  the  evolution 
picture  to  the  FQHE  regime,  in  which  a  quantita- 
tive  estimate  can  be  carried  out. 

At  sufficiently  low  disorder  (large  /3)  a  peak  in 
the  longitudinal  resistivity  between  the  FQHE 
plateaus  develops.  It  becomes  critical  when  the 
incompressible  strips  on  both  sides  of  the  bulk 
edge  channels  get  wide  enough  to  suppress  tun¬ 
neling  across  them,  which  would  lead  to  the  ad¬ 
mixing  of  the  lower  Landau  levels  to  the  topmost 
one.  At  even  larger  values  of  jS  the  fractional 
peak  becomes  pregnant  because  the  bulk  edge 
channels  acquire  a  finite  width.  This  shows  up  in 
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the  reduction  of  the  peak’s  height.  As  fi  is  in¬ 
creased  further,  the  peak  turns  into  a  Fermi-liquid 
state  and  starts  giving  birth  to  the  daughter  states 
of  the  next  generation  of  fractions. 

To  summarize  the  discussion,  the  whole  lifecy¬ 
cle  (p  playing  the  role  of  time)  of  a  given  resistiv¬ 
ity  peak  consists  of  four  periods.  The  develop¬ 
ment  of  the  peak  is  characterized  by  the  growth 
of  the  peak’s  height  and  the  decrease  in  the 
resistivity  at  the  adjacent  odd  denominator  frac¬ 
tions.  Then  the  peak  becomes  critical  making  it 
infinitely  narrow  at  zero  temperature.  In  the  next 
stage  the  peak  is  pregnant,  its  height  reduced. 
Then  it  starts  giving  birth  to  the  daughter  states 
while  staying  in  the  Fermi-liquid  regime.  At  this 
stage  it  would  be  more  correct  to  talk  about  the 
even  denominator  fraction  and  its  vicinity  rather 
than  about  the  peak. 

We  would  like  to  point  out  that  our  picture  is 
for  the  case  of  experimentally  available  tempera¬ 
tures.  In  the  limit  of  zero  temperature  the  ques¬ 
tion  of  localization  of  the  compressible  liquid  has 
to  be  addressed. 

Now  we  can  go  back  to  the  experimentally 
relevant  situation  where  the  value  of  p  is  fixed 
for  a  given  sample,  Fig.  1.  We  argue  [20]  that  the 
effective  measure  of  disorder  is  different  from 
peak  to  peak  or,  in  other  words,  the  values  of  P 
determining  transitions  between  various  regimes 
for  a  given  peak  depend  on  the  peak  s  filling 
factor.  Because  of  this,  in  Fig.  1  some  peaks  are 
undeveloped,  while  some  are  critical  and  some 
are  pregnant;  a  few  have  turned  into  a  Fermi- 
liquid  state. 

Let  us  consider  fractions  of  the  principal  se¬ 
quence  of  the  FQHE  defined  by  the  filling  factor 
v  =p/(2p  +  1),  where  p  is  a  positive  or  negative 
integer  [21].  The  corresponding  resistivity  peaks 
at  v  =  (2  p  -  l)/(4 p)  fall  into  one  of  the  follow¬ 
ing  categories  as  shown  in  Fig.  1: 

pregnant  peaks,  if  |  p  \  <PC i> 

critical  peaks,  if  Pci  ^  1^1  (3) 

undeveloped  peaks,  if  |  p \  >PC i- 

By  developing  the  approach  of  Ref.  [15],  we  esti¬ 
mated  the  widths  of  compressible  and  incom¬ 


pressible  strips  from  electrostatic  considerations 
as  a  function  of  ]3  and  p  [20].  It  was  found  in 
Refs.  [19,20]  that  a  compressible  strip  width 
shrinks  exponentially  fast  after  becoming  of  the 
order  of  p2/H,  where  / h  is  the  magnetic  length 
( p ^  appears  here  because  the  difference  in  the 
filling  factors  between  neighboring  principal  se¬ 
quence  states  is  ~  1/p2,  while  the  chemical  po¬ 
tential  discontinuity  is  independent  of  p).  Based 
on  this  result,  we  find  pcl  by  setting  the  com¬ 
pressible  strip  width  equal  to  p2/ h: 

Pel  55 

Tunneling  through  an  incompressible  strip  is 
exponentially  suppressed  on  the  scale  of  the  mag¬ 
netic  length  in  the  IQHE  regime.  We  believe  that 
this  can  be  generalized  to  the  FQHE  regime  by 
using  the  effective  magnetic  length  of  composite 
fermions  lfH  =  lypl2p  +  1  •  By  setting  the  typical 
width  of  the  an  incompressible  strip  equal  to  ZH 
we  find  [20] 

Pt!-(/3/2)4/!.  <5> 

We  note  that  the  numerical  factors  in  Eqs.  (4,5) 
should  not  be  taken  seriously. 

It  is  possible  to  calculate  the  resistivity  at 
even-denominator  filling  factors  in  the  critical 
and  the  Fermi-liquid  regime.  The  values  of  the 
resistivity  for  the  critical  peaks  in  the  principal 
sequence  can  be  found  by  applying  Eq.  (2)  to  the 
fermion  system,  which  is  at  half  integer  filling 
factor.  Making  transformation  to  the  electron  re¬ 
sistivity  tensor  as  outlined  in  Ref.  [7]  we  find  for 
the  principal  sequence  peaks  at  filling  factor  (2 p 
-  l)/(4 p): 

2irh  1 

Pxx  =  2p2-2p  +  l  ’ 

2^7 h  Ap2  —  2p  +  \ 

PXy  =  2p2-2p  +  l  ’  1 

These  transport  coefficients  are  identical  to  those 
previously  obtained  in  Ref.  [6]  by  mapping  the 
fractional  filling  factor  system  onto  the  dirty  bo¬ 
son  model  and  taking  the  boson  conductivity  such 
that  it  yields  the  universal  value  (2)  for  the  IQHE. 
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Thus,  our  results  are  in  agreement  with  the  law 
of  corresponding  states  [5,6].  Eqs.  (6)  can  be 
straightforwardly  generalized  to  other  filling  fac¬ 
tors  [20]. 

It  is  difficult  to  extract  the  values  of  resistivity 
from  experimental  data  because  of  non-local 
transport  effects  [22],  Ignoring  this  problem  we 
find  that  the  universal  resistivity  values  (6)  agree 
with  the  relative  peak  heights  observed  experi¬ 
mentally  [23,24],  but  only  in  one  case  [25]  with  the 
absolute  values.  We  believe  that  the  use  of  the 
Corbino  geometry  or  non-contact  measurements 
will  be  helpful  to  verify  our  predictions. 

The  resistivity  of  the  Fermi-liquid  states  can 
also  be  found  by  considering  the  composite 
fermion  system.  At  half-integer  filling  factors  the 
average  effective  magnetic  field  acting  on 
fermions  is  zero.  However,  the  electron  density 
fluctuations  lead  to  the  appearance  of  the  spa¬ 
tially  fluctuating  magnetic  field  normal  to  the 
electron  plane.  It  was  argued  in  Refs.  [7,8]  that 
scattering  on  these  fluctuations  gives  the  main 
contribution  to  the  resistivity.  The  problem  is 
effectively  reduced  to  the  motion  of  non-inter- 
acting  fermions  in  a  spatially  fluctuating  magnetic 
field.  Although  we  were  able  to  solve  the  case  of 
a  random  magnetic  field  only  approximately,  we 
found  an  exact  solution  for  the  problem  in  which 
the  effective  magnetic  field  takes  only  two  values. 
Because  the  fermion  cyclotron  radius  is  smaller 
than  ds  the  major  contribution  to  conductivity 
comes  from  the  states  that  are  localized  along  the 
lines  of  zero  magnetic  field.  These  are  the  snake 
states  [26]  and  they  are  similar  to  the  edge  states 
in  that  they  can  have  only  one  direction  of  the 
velocity.  The  snake  states  form  a  network,  Fig.  3, 
similar  to  the  one  of  Refs.  [2-4],  for  which  we 
find  the  conductivity  tensor  by  generalizing  Eq. 
(2).  Then  we  make  a  transformation  to  the  elec¬ 
tron  resistivity,  finding,  in  agreement  with  an 
approximate  estimate  for  the  random  magnetic 
field  [20]  case,  that  the  physical  resistivity  at 
half-integer  filling  factors  should  scale  linearly 
with  the  external  magnetic  field: 

Pxx  =  B/(3neec .  (7) 

We  were  able  to  extend  this  result  to  the  even- 
denominator  fractions  of  the  principal  sequence, 


thus  explaining  the  observation  made  in  Refs. 
[27,28]  regarding  the  linearity  of  pxx .  In  fact,  the 
parameter  /3  has  been  introduced  phenomenolog¬ 
ically  in  Ref.  [28]. 
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Abstract 

The  magnetocapacitive  response  of  a  double-barrier  structure  (DBS),  biased  beyond  resonances,  has  for  the  first 
time  been  employed  as  a  reliable  method  to  determine  the  density  of  states  (DOS)  of  two-dimensional  (2D) 
electrons  residing  in  the  accumulation  layer  on  the  incident  side  of  the  DBS.  Model  calculations  with  a  Gaussian-like 
DOS  are  compared  with  the  experimental  C  versus  B  curves,  measured  at  different  biases  and  temperatures.  The 
fitting  is  not  only  self-consistent  but  also  remarkably  good  even  in  well-defined  quantum  Hall  regimes.  It  is  therefore 
evident  that  replacing  a  conventional  gated  heterostructure  by  a  biased  DBS  makes  it  possible  that  the  influence  of 
the  magnetoresistance  of  “ lateral”  2D  channel  may  be  eliminated  completely  in  the  determination  of  the  DOS, 
while  the  possible  coexistence  of  three-dimensional  (3D)  electrons  in  the  accumulation  layer  can  easily  be 
discriminated  by  experiments. 


Knowledge  of  the  density  of  states  (DOS)  of  a 
two-dimensional  electron  gas  (2DEG)  in  mag¬ 
netic  fields  is  essential  for  understanding  many 
important  behaviors  of  low-dimensional  struc¬ 
tures  in  both  weak  and  strong  magnetic  fields. 
Experimental  information  about  the  DOS  was 
previously  obtained  by  many  groups  from  mea¬ 
surements  of  magnetization  [1],  specific  heat  [2] 
and  magnetocapacitance  [3].  The  first  two  meth¬ 
ods  had  the  drawback  that  the  unavoidable  inho¬ 
mogeneities  arising  from  the  use  of  multi-layered 
samples  obscured  the  determination  of  the  DOS. 


*  Corresponding  author. 


Compared  with  the  others,  the  magnetocapaci¬ 
tance  is  related  to  the  DOS  of  Landau  levels  in  a 
more  straightforward  way,  and  could  be  mea¬ 
sured  from  a  small  single-layered  sample  so  that 
the  influence  of  the  inhomogeneities  might  be 
greatly  reduced.  However,  attempts  to  study  the 
DOS  by  measuring  the  magnetocapacitance  of  a 
modulation-doped  heterostructure  failed  in  the 
quantum  Hall  regimes.  The  magnetoresistance  of 
the  2DEG  mixes  increasingly  in  the  measured 
capacitance  and  gradually  dominates  the  system 
response  to  an  AC  modulation  signal  as  the  mag¬ 
netic  field  comes  close  to  the  integer  fillings  of 
Landau  levels.  As  a  result,  the  charge-sensitive 
measurement  eventually  becomes  a  conductance- 
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dominant  one  as  pointed  out  by  some  previous 
work  [4],  and  the  DOS  could  no  longer  be  ex¬ 
tracted  reliably  from  the  magnetocapacitance. 
There  have  been  several  techniques  proposed  to 
eliminate  such  series-resistance  effects  by  means 
of  vertically  charging  the  2DEG.  Smith  and  Wang 
[5]  measured  the  DOS  for  a  2DEG  accumulated 
on  the  incident  side  of  a  single,  thick  nonconduct¬ 
ing  AlGaAs  barrier,  and  extended  the  capaci¬ 
tance  measurement  into  the  fractional  quantum 
Hall  regime.  However,  no  clear  evidence  was 
provided  that  one  can  exclude  the  possible  contri¬ 
bution  of  3D  electrons  to  the  capacitance,  which 
might  quite  often  coexist  with  the  2DEG  in  the 
accumulation  layer.  Ashoori  and  Silsbee  [6]  em¬ 
ployed  a  tunnel  barrier  to  realize  vertical  charge 
transfer  between  an  n+-GaAs  emitter  and  an 
undoped  GaAs  quantum  well  (where  the  2DEG 
resided),  and  obtained  the  Landau  DOS  up  to  a 
magnetic  field  of  4  tesla.  Presumably  limited  by 
relatively  high  tunneling  resistance,  no  informa¬ 
tion  in  well-defined  quantum  Hall  regimes  was 
shown. 

In  the  present  work  we  analytically  study  the 
magnetocapacitive  response  of  a  biased  double¬ 
barrier  structure  (DBS),  and  employ  it  to  deter¬ 
mine  the  Landau  DOS  of  the  2DEG  residing  in 
the  accumulation  layer  adjacent  to  the  emitter 
barrier.  It  turns  out  that  the  main  advantage  of 
using  a  biased  DBS  lies  in  two  facts.  First,  the 
accumulation  layer  in  a  DBS  is  charged  or  dis¬ 
charged  very  fast  by  exchanging  electrons  “  verti¬ 
cally”  with  the  n+-GaAs  electrode  in  response  to 
an  AC  modulation  signal  and,  thus,  no  “lateral” 
magnetoresistance  of  the  2D  channel  can  be  in¬ 
volved,  as  demonstrated  in  previous  work  [5]. 
Second,  using  peculiar  behaviors  of  resonant 
magnetotunneling,  one  may  experimentally  tell 
whether  only  a  2DEG  exists  in  the  accumulation 
layer  of  a  particular  DBS,  so  that  the  determina¬ 
tion  of  the  DOS  for  the  2DEG  will  not  be  ob¬ 
scured  by  the  possible  presence  of  3D  electrons. 

To  derive  the  capacitive  response,  the  poten¬ 
tial  profile  of  the  DBS  is  schematically  depicted 
in  Fig.  1  where  the  DBS  is  biased  in  the  voltage 
range  between  the  first  and  second  resonances. 
The  parameters  We,  de ,  W,  dc,  Wc  indicated  in 
the  figure  denote  the  spacer  width  on  the  emitter 


C2D  Cl  Cd 


Fig.  1.  Conduction-band  profile  of  a  positively  biased  DBS. 
The  inset  at  the  bottom  is  the  lumped  circuit  of  DBS. 


side,  the  thicknesses  of  the  emitter  barrier,  cen¬ 
tral  well  and  collector  barrier,  and  the  spacer 
width  on  the  collector  side,  respectively.  Since  the 
DBS  is  biased  beyond  the  resonance  regions, 
charge  build-up  in  the  central  well  is  negligible, 
and  a  uniform  electric  field,  F,  will  be  assumed 
throughout  the  regions  of  d&y  W,  dc ,  Wc  in  the 
following  derivation.  The  chemical  potential  dif¬ 
ference,  eV,  across  the  DBS  may  be  expressed  as 

eV=EFJc  eWlF  +  eVd,  (1) 

where  W1  =  dQ  +  W  +  dc  +  Wc.  EF  denotes  the 
Fermi  level  on  the  emitter  side  measured  from 
the  bottom  of  the  conduction  band  at  the  outer 
interface  of  the  emitter  barrier.  The  last  term  is 
the  potential  energy  change  over  the  space  charge 
region  near  the  collector  electrode.  We  label  the 
total  space  charge  on  the  emitter  side  by  gs 
(<2S  =  eF).  To  get  the  capacitive  response  of  the 
DBS,  we  differentiate  both  sides  of  Eq.  (1)  with 
respect  to  the  applied  voltage  V  and  obtain 

1/C  =  1/CS  +  1/Cj  +  1/Cd.  (2) 

Here,  C  =  d<2s/dK  is  the  total  capacitance  of  the 
DBS;  Cs  =  edQs/dEF  is  defined  as  the  capaci¬ 
tance  of  the  accumulation  layer;  Cd  =  eNde/Qs  = 
e/Wd  represents  the  capacitance  of  the  depletion 
layer  Wd;  and  Cl  =  e/Wl  is  simply  the  insulator 
capacitance  of  the  undoped  layer  Wl.  Eq.  (2) 
demonstrates  that  the  total  capacitance  of  the 
DBS  consists  of  three  capacitors  in  series,  similar 
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to  that  of  a  gated  heterostructure.  The  capaci¬ 
tance  term  that  concerns  us  mostly  is 

d 

Cs  =  e—  eD(E ,  E0,  B)f(E,  EF)  dE 
dEF  JEo 

(for  7>0K  and  B  F  0  T).  Here,  for  the  moment, 
we  consider  only  the  contribution  of  the  2D  elec¬ 
trons  to  Cs.  If  a  variational  result  for  the  subband 
energy  E0  is  adopted,  the  equation  can  be  rewrit¬ 
ten  as 

l/Cs=l/j  e2D(E,  E0,  B)(  —df/dE)  d E 

+  11(z)/32€,  (3) 

where  D(E,  E0,  B )  is  the  DOS  in  magnetic  fields, 
f(E ,  EF )  is  the  Fermi  distribution  function  and 
(z)  is  the  stand-off  distance  of  the  2D  electrons 
in  the  accumulation  layer  from  the  interface. 

When  three-dimensional  electrons  on  the 
emitter  side  also  play  a  role  in  the  capacitive 
response,  then  Qs  =  Q3D  +  Q2D  =  eF ,  and 

1  -l 

-bf/bE)  d E 

+  U(z)/32ej/(l+a),  (4) 

with  a  =  C3D/ C2D,  C3D  =  e  d Q3D/ dEF  and  C2D 
=  f^oe2E(E,  E0,  B)(  —  bf/bE)  dE.  As  verified  in 
our  previous  work  [7,8],  it  is  possible  to  make  all 
tunneling  electrons  originate  only  from  2D  elec¬ 
tronic  states  in  the  accumulation  layer  by  employ¬ 
ing  wider  spacer  or  thinner  emitter  barriers.  As  a 
result,  one  is  able  to  avoid  the  complexity  caused 
by  3D  electrons  in  the  determination  of  the  DOS. 

The  experiments  were  done  in  several 
AlAs/GaAs/AlAs  asymmetric  DBS  samples.  An 
undoped  GaAs  well  of  75  A  was  sandwiched 
between  two  undoped  AlAs  barriers  of  the  thick- 

o 

nesses  25  and  15  A,  respectively.  Two  undoped 
GaAs  spacers  of  200  A  were  grown  immediately 
outside  the  DBS.  The  full  composition  of  the 
structures  and  the  sample  fabrication  were  de¬ 
scribed  previously  [7].  The  differential  capaci¬ 
tance  of  the  DBS  was  measured  at  two  different 
temperatures,  4.2  and  1.5  K,  by  a  HP  4284 A  LCR 


meter  with  a  modulation  frequency  of  1  MHz  and 
an  amplitude  of  10  mV  as  the  DBS  was  biased  in 
the  voltage  region  between  the  first  and  second 
resonance  peaks.  Special  attention  was  paid  to 
the  effect  of  the  modulation  frequency  on  the 
cusp-like  structures  of  C  versus  B  curves.  One 
may  note  that  compared  with  the  frequencies 
( ~  20  Hz)  used  in  most  previous  work  [3],  a  much 
higher  frequency  was  used  in  this  work.  However, 
even  in  the  vicinity  of  integer  fillings,  no  falsely 
deep  minima  appear  in  the  magnetocapacitance 
curves,  an  artifact  previously  encountered  in  con¬ 
ventional  gated  heterostructures  due  to  the  ex¬ 
tremely  high  magnetoresistance  of  the  2D  chan¬ 
nel  and,  thus,  extremely  long  RC  time  constant. 
By  reducing  the  modulation  frequency  from  1 
MHz  to  10  kHz,  we  carefully  checked  that  no 
obvious  change  in  either  the  shapes  or  the  posi¬ 
tions  of  the  cusplike  dips  was  found  (although  the 
measured  results  became  increasingly  noisy).  An¬ 
other  important  issue  in  the  experiment  was  to 
ensure  that  all  the  electrons  available  for  the 
tunneling  were  of  pure  two-dimensional  charac¬ 
ter.  This  was  proved  to  be  true  when  our  DBS 
was  under  forward  bias,  as  demonstrated  in  our 
early  work  [7],  by  checking  whether  any 
magneto-oscillatory  structure  could  be  revealed 
in  the  resonance  region.  This  is  also  one  of  the 
advantages  of  using  the  double-barrier  structure 
over  a  single-barrier  structure,  where  such  a  dis¬ 
crimination  could  hardly  be  made  [5]. 

Accordingly,  we  only  make  use  of  the  C  versus 
B  curves,  measured  under  different  forward  bi¬ 
ases  and  at  two  different  temperatures  (4.2  and 
1.5  K),  to  determine  the  DOS  of  the  2DEG.  Now, 
we  are  in  the  position  to  compare  the  experimen¬ 
tal  data  with  the  model  calculation  of  the  magne¬ 
tocapacitance,  using  the  derived  expressions  (2), 
(3)  and  a  Gaussian-like  DOS  of  the  form 


+  e-(£-£,u>2/2rw2]i  (5) 

Here 

EnUi=E0+(n  +  1/2)  ho)c  +  g  *ulbB/2  (6) 
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are  the  spin-resolved  Landau  levels.  The  en¬ 
hancement  of  spin  splitting  due  to  interaction 
effects  is  taken  into  account  in  the  usual  way: 

g*=g0  +  (£ex/> B5)(Ar2DT  _Ar2D|)»  (7) 

and 

-oo  eB 

X  E  1  /T  1  (8) 

where  g0  =  0.52  is  the  Lande  factor  in  the  ab¬ 
sence  of  many-body  effects,  Eex  is  the  interaction 
coefficient  and  is  taken  as  a  fitting  parameter, 
N2D  t  and  N2D  i  give  the  number  density  of  the 
2D  electrons  filled  in  the  spin-up  and  spin-down 
states,  respectively  ( N2D  =  A2D  T  +  N2D  ;  )-  The 
broadening  parameter  used  in  Eq.  (5),  En,  is 
assumed  to  have  the  dependence  r  =  T0Bl/2  on 
B .  Quite  often,  due  to  the  inhomogeneities  in  the 
structure,  one  has  to  introduce  a  constant  back¬ 
ground  in  the  model  DOS,  as  given  by 

DGB(E)=Da(E)(l-x)+xm*/Trh2.  (9) 

The  employed  fitting  procedure  is  summarized 
as  follows: 

(1)  For  a  particular  2D  number  density  N2D, 
self-consistently  solve  the  Schrodinger  equation 
and  Poisson  equation  in  the  incident  region,  and 
obtain  the  numerical  dependence  of  the  subband 
energy  on  the  2D  number  density,  E0(Nm). 

(2)  Use  the  magneto-oscillations  observed  in 
the  C  versus  B  traces  to  determine  N2D  from 
their  reciprocal  periods  of  B  fields,  A(l/J5).  We 
thus  obtain  the  experimental  relation  N2D(V)  or 
V(N2D). 

(3)  At  a  given  bias  V,  self-consistently  solve 
Eqs.  (6),  (7),  (8)  and 

Ef-E0=  V-E0(N2D)  -  eN2DWx/e 

-eN}D/2eNd 

(rewritten  from  Eq.  (1))  to  get  the  dependencies 
on  the  B  field  of  E¥-E0,  g*,  E0,  N2D  an^ 
D(El 

(4)  Substitute  them  into  Eqs.  (2)  and  (3)  to  get 
C  versus  B  curves,  and  compare  them  with  the 
measured  ones. 


(5)  Adjust  the  fitting  parameters  T0,  E&x  and 
x,  and  iterate  steps  (3)  and  (4)  until  a  satisfactory 
fitting  is  finally  achieved. 

The  above  fitting  procedure  has  been  com¬ 
pleted  for  two  different  temperatures,  4.2  and  1.5 
K,  and  three  different  biases,  1.1,  1.2  and  1.3  V. 
Fig.  2  illustrates  the  model  fitting  to  the  C  versus 
B  traces  measured  at  the  same  temperature,  4.2 
K,  but  under  two  different  biases,  1.1  and  1.3  V. 
In  Fig.  3  a  similar  fitting  is  performed  at  two 
different  temperatures,  4.2  and  1.5  K,  while  the 
applied  bias  is  fixed  at  1.2  V.  The  inset  shows  the 
model  DOS  obtained  from  the  fitting  at  jB  =  7T 
and  T~  1.5  K.  From  the  figures  it  is  convincing 
to  conclude  that  the  model-fitting  completed  in 
the  present  work  is  not  only  self-consistent  with  a 
unique  set  of  parameters:  ro  =  0.56  meV  T-1/2, 
E&x  =  3.143  X  10"11  meV  cm2  and  x  =  28%  used 
for  different  biases  and  temperatures,  but  also 
remarkably  good  over  a  wide  field  range  up  to  7 
T,  especially  in  the  vicinity  of  integer  fillings, 


Fig.  2.  Normalized  C  vs.  B  curves  plotted  at  the  same 
temperature  4.2  K  but  different  biases,  1.1  and  1.3  V.  The 
fitting  curves  are  dashed,  the  solid  curves  are  experimental. 
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Fig.  3.  Normalized  C  vs.  B  curves  plotted  at  the  same  bias 
Kb  =  1.2  V  but  different  temperatures,  4.2  K,  1.5  K.  The 
dashed  one  is  the  fitting  curve.  The  solid  curve  is  the  mea¬ 
sured  one.  The  inset  shows  the  model  DOS  obtained  at  B  =  1 
T,  T  -  1.5  K. 

where  such  a  comparison  was  previously  consid¬ 
ered  as  an  inappropriate  practice  using  conven¬ 
tional  gated  heterostructures.  The  fitting  parame¬ 
ters  used  here  are  not  necessarily  the  optimized 
choice. 

By  using  Eq.  (4),  we  have  also  tried  to  include 
the  contribution  of  3D  mobile  electrons  in  the 
magnetocapacitance  to  see  if  it  should  play  some 
role.  For  simplicity,  we  set  a  equal  to  0.2  and 
then  found  substantial  decreases  in  both  maxima 
and  minima  of  the  oscillations  in  the  calculated  C 
versus  B  curve.  This  makes  the  fitting  worse  and, 
thus,  further  justifies  our  previous  statement  that 
in  the  accumulation  layer  only  the  2D  electrons 
make  a  contribution  to  the  structure’s  capaci¬ 
tance. 

Several  important  conclusions  may  be  drawn 
from  the  data.  The  DOS  in  strong  magnetic  fields 
shows  a  nonvanishing  value  (28%  of  the  DOS  in 
zero  B  field)  between  Landau  levels.  The  back¬ 
ground  DOS  may  originate  from  the  inhomo¬ 
geneities  in  the  structure,  especially  the  fluctua¬ 
tion  of  the  2D  number  density  in  the  plane.  On 


the  other  hand,  the  effective  line  width  of  Lan¬ 
dau  levels  may  oscillate  as  they  successively  cross 
E¥  in  an  increasing  magnetic  field.  A  maximum 
level  broadening  is  expected  to  occur  at  the  inte¬ 
ger  fillings.  There,  small  DOS  makes  the  screen¬ 
ing  to  ionized  impurities  less  effective  [9].  Our 
data  seem  to  confirm  the  Bl/2  dependence  of  the 
level  broadening  over  a  wide  B  field  range  from  1 
to  7  T  as  predicted  by  the  self-consistent  Born 
approximation  [10]. 

In  a  biased  DBS,  the  chemical  potential  differ¬ 
ence  across  the  structure  pins  at  the  value  of  eV 
as  given  by  Eq.  (1).  This  makes  the  situation 
different  from  that  in  a  nongated  structure.  The 
model  calculation  of  magnetocapacitance  per¬ 
formed  in  the  present  work  shows  that  all  the 
physical  quantities  obtained  from  the  fitting,  such 
as  Fermi  level  ( EF  -  E0),  subband  energy  £0,  2D 
number  density  N2D  and  effective  Lande  factor 
g*  show  oscillatory  changes  with  the  magnetic 
field.  However,  such  oscillatory  variations  of  E0 
and  N2D  are  very  tiny  and  no  larger  than  6  X  10” 4 
and  1  X  10 -3,  respectively.  In  contrast,  the  effec¬ 
tive  Lande  factor  g*  oscillates  drastically  and 
reaches  a  maximum  of  about  3.6  at  B  =  5.4  T 


13  5  7 

B  (tesla) 


Fig.  4.  Dependences  on  B  fields  of  EF  -  E0 ,  g*  and  D(EF) 
obtained  self-consistently  from  the  model  fitting  at  T  =  1.5  K 
and  V  =  1.2  V. 
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(Vb  =  1.2  V,  7  =  1.5  K).  The  details  for  the  varia¬ 
tions  of  Ef  -  £0,  g*  and  D(Ef\  the  DOS  at  the 
Fermi  level  with  the  B  fields,  are  as  shown  in 
Fig.  4. 

In  summary,  we  have  derived  a  theoretical 
expression  for  the  magnetocapacitance  of  a  bi¬ 
ased  DBS,  and  fitted  it  with  the  experimental  C 
versus  B  curves  measured  at  different  tempera¬ 
tures  and  biases  over  a  wide  B-field  range  up  to  7 
T.  The  fitting  is  self-consistent  and  remarkably 
good,  and  gives  us  reliable  information  about  the 
DOS  even  in  the  quantum  Hall  regimes. 
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Abstract 

An  extended  network  model  of  the  transition  regime  between  two  integer  quantum  Hall  plateaus  is  presented. 
When  it  is  used  to  analyze  experimental  data,  two  parameters  of  interest  are  extracted:  the  resistivity  of  the  bulk 
conducting  channel  due  to  the  energetically  topmost  Landau  level  and  the  scattering  length  between  the  bulk 
channel  and  the  edge  channels.  The  behavior  of  the  equilibration  length  is  studied  for  transitions  between  the  two 
spin  states  of  a  given  Landau  level  and  between  Landau  levels  with  different  quantum  numbers.  In  some  non-ideal 
devices,  the  nonlocal  aspects  of  the  transition  regime  cause  dramatic  and  non-intuitive  device  behavior. 


An  extended  network  model  (ENM)  of  the  transition  regime  between  two  integer  quantum  Hall 
(IQH)  plateaus  has  been  developed  and  used  to  extract  parameters  of  physical  interest  from  experimen¬ 
tal  data.  This  theory  is  an  extension  of  the  decoupled  network  model,  first  presented  by  McEuen  and 
co-workers  [1,2].  To  model  transitions,  they  assumed  that  the  energetically  topmost  Landau  level  (LL), 
which  is  being  backscattered,  is  completely  decoupled  from  the  energetically  lower  LLs,  which  are 
treated  as  ideal  edge  states  [3].  Recall  that  in  the  edge  state  formalism  of  the  IQH  regime,  the  confining 
potential  causes  the  discrete  LL  energies  in  the  bulk  of  the  sample  {Ej  =  ho)c(j  — 1/2),  where  j  = 
1  2,  3, . . . )  to  bend  upwards  at  the  sample  edges.  Where  these  energy  states  cross  the  Fermi  level,  current 
carrying  edge  states  arise.  When  the  Fermi  energy  is  pinned  between  two  bulk  LLs,  the  net  current  flows 
at  the  sample  edges,  and  the  device  is  in  the  IQH  regime  where  RH  =  (1/AO  (h/e2)  and  RL  =  0.  As  the 
magnetic  field  is  increased  so  that  the  bulk  of  the  energetically  topmost  LL  enters  the  Fermi  level, 
electrons  can  scatter  across  the  device  and  are  effectively  backscattered.  This  backscattering  destroys  the 
quantization  and  the  transition  region  is  entered.  As  the  magnetic  field  is  further  increased,  the  device 
remains  in  the  transition  regime  until  the  topmost  LL  is  completely  depopulated,  and  the  next  quantized 
region  is  entered.  The  decoupled  network  model  quantitatively  addressed  long  standing  questions 
concerning  resistances  measured  in  high-mobility  devices,  and  predicted  dramatic  nonlocal  effects  that 
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Fig.  1.  (a)  The  extended  network  model  (ENM).  The  topmost  channel  is  represented  by  a  scattering  probability  and  coupled 
through  the  parameter  P  to  N  ideal  edge  channels,  (b)  Schematic  of  the  integration  of  segments  that  is  necessary  to  form  probes 
and  internal  sections,  (c)  The  experimental  device  geometry.  Notice  that  the  total  device  circumference  (excluding  the  contacts)  is 
~  10  mm. 


occur  during  transitions.  The  agreement  of  this  model  with  experimental  data  was  remarkable  for  spin 
resolved  transitions  in  high-mobility  devices.  Scattering  does  occur  between  the  bulk  and  edge  channels, 
and  therefore  must  be  accounted  for  to  explain  the  resistances  measured  in  most  transitions.  Much  effort 
has  gone  into  understanding  the  relationship  between  inter-channel  scattering  and  measured  resistances, 
and  many  [4]  have  presented  models  to  account  for  this  equilibration  between  LLs. 

The  ENM  presented  in  this  paper  treats  the  topmost  LL  as  being  partially  coupled  to  the  energetically 
lower  LLs  which  are  treated  as  rapidly  equilibrating  ideal  edge  states.  This  behavior  is  in  agreement  with 
that  observed  in  studies  of  inter-edge  state  scattering  in  the  quantized  regions  [5].  The  attractive  features 
of  this  model  are  that  it  is  relatively  simple,  it  can  be  applied  to  devices  with  arbitrary  geometries,  and 
the  range  of  equilibration  lengths  that  can  be  modelled  is  large.  These  features  make  the  model  readily 
adaptable  so  that  it  can  be  compared  with  experimental  data  for  all  transitions  and  in  all  device 
geometries.  The  equilibration  length  can  be  extracted  from  experimental  data  across  the  transition  region 
as  a  function  of  magnetic  field. 

Fig.  la  shows  the  model  for  a  device  segment  (of  length  Sx  and  width  w )  in  the  transition  region 
between  the  (N  +  l)th  and  the  Nth  plateau.  The  bulk  channel  arising  from  the  topmost  LL  is  modelled 
as  a  scattering  problem,  where  the  electron  is  transmitted  across  the  device  with  probability  t  and  is 
effectively  backscattered,  or  is  forward  scattered  along  the  edge  of  the  device  (with  probability  r  =  1  - 1). 
A  resistivity  of  the  ( N  +  l)th  channel  alone  can  be  associated  with  this  scattering  probability,  and  in  a 
similar  manner  as  in  the  decoupled  network  model  t  =  Sx/A,  where  1/yl  =p^.+  1(l/w).  The  coupling 
between  the  ( N  +  l)th,  “bulk”,  channel  and  N,  “edge”,  channels  is  represented  by  the  equilibration 
parameter  P,  where  P  varies  from  0  for  no  equilibration  to  1  for  complete  equilibration.  Associated  with 
this  coupling  parameter,  P,  is  an  equilibration  length  along  the  edge  of  the  sample.  For  a  segment  of 
length  Sx  this  equilibration  length  is  defined  by  P  =  Sx/Leq.  A  scattering  matrix,  T,  can  be  established 
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[6]  for  the  segment  that  determines  the  potentials  on  the  left  of  the  sample  given  the  right-hand  side 
potentials;  therefore,  p,Left  =  TfiRight  where 
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and  the  potential  vectors  are 
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There  are  N  channels  at  potentials  p^R)  and  p,^R)  while  there  is  only  one  each  at  potentials  p^R)  and 
^R)  (see  Fig.  la).  When  P  —  0,  T  represents  the  decoupled  network  model. 

In  order  to  use  the  ENM  with  experimental  data,  a  matrix  for  each  probe  and  internal  section  of  the 
device  must  be  found.  To  do  this  for  the  kth  element  of  length  Lk  and  width  wk,  a  sum  of  the  scattering 
matrices  for  an  infinitesimal  segment  ( T(8x ,  wk))  is  performed  as  schematically  shown  in  Fig.  lb  to  find 
(' T(Lk ,  wk))  [6].  The  external  contacts  to  the  probes  are  assumed  to  be  ideal.  After  the  scattering  matrix 
for  each  element  is  found,  they  are  connected  to  form  a  total  scattering  matrix  representing  the  device. 
Where  the  various  device  elements  are  connected,  current  flows  only  at  the  edges;  scattering  diagonally 
across  an  intersection  is  ignored.  Once  the  overall  matrix  is  derived,  any  possible  resistance  measurement 
on  a  device  with  that  geometry  can  be  simulated. 

We  have  used  the  single  electron  picture  of  edge  states  to  describe  the  ENM.  Recently,  a  more 
advanced  picture  of  edge  state  behavior  has  been  developed  [8]  where  the  electrostatic  edge  potential 
sensed  by  electrons  is  self-consistently  calculated.  These  calculations  give  rise  to  strips  of  compressible 
and  incompressible  electron  liquids  at  the  sample  edges.  The  formalisms  of  the  ENM  are  completely 
compatible  with  this  more  complex  view  of  the  behavior  of  electrons  at  samples  edges.  The  terminology 
must  be  adjusted  so  that  scattering  occurs  between  the  strips  of  compressible  liquid  at  the  edges  and  the 
large  compressible  liquid  in  the  bulk  of  the  sample.  The  parameters  Leq  and  pxxl  have  the  same 
physical  interpretation  in  both  the  single  electron  and  self-consistent  edge  state  pictures. 

By  numerical  comparison  of  the  ENM  with  two  experimental  magnetoresistance  measurements,  the 
bulk  resistivity,  p^.+  1,  and  the  equilibration  length,  Leq,  can  be  extracted.  For  example,  consider  the 
eight  terminal  device  shown  in  Fig.  lc  which  was  fabricated  from  a  GaAs/AlGaAs  heterostructure 
having  an  electron  density  «s  =  3.5xl015  m~ 2  and  a  mobility  of  ~  100  m2/V  •  s.  The  device  was 
measured  at  T=  0.5  K  using  low  frequency  lockin  techniques  at  a  constant  current  of  20  nA.  The 
magnetic  field  direction  is  such  that  electron  edge  states  travel  clockwise  around  the  sample. 

The  Hall  resistance  R15>37  [7]  and  the  longitudinal  resistance  R15>34  were  simultaneously  measured, 
and  by  comparing  these  two  magnetoresistances  with  the  model  for  N  =  2,  Leq(B)  and  pxx+1(B),  are 
determined  for  this  device.  The  fits  and  the  extracted  parameters  are  shown  in  Figs.  2a,  2b,  and  2c.  The 
parameters  are  reasonable:  pxx 1  smoothly  increases  from  0  to  oo  as  expected.  On  the  low  magnetic  field 
side  of  the  transition,  the  equilibration  length  increases  exponentially  with  increasing  magnetic  field  until 
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Fig.  2.  Comparison  of  the  ENM  with  experimental  data.  On  the  left,  the  TV  =  3  to  N  =  2  transition:  a  spin  resolved  transition,  (a) 
(Left)  Solid  lines  are  experimental  data,  open  circles  are  fits  using  the  model,  (b)  (Left)  Resistivity  of  the  energetically  lower  j  —  2, 
spin  LL  extracted  using  the  fits,  (c)  (Left)  The  equilibration  length  between  the  lower  j  =  2  spin  LL  and  the  j=  1  LL.  (d)  (Left) 
Solid  lines  are  experimental  data,  and  open  squares  are  simulations.  Figures  on  the  right  are  for  the  TV  =  4  to  TV=  3  transition:  a 
spin  coupled  transition,  (a)  (Right)  Solid  lines  -  data;  open  circles  -  fits,  (b)  (Right)  Resistivity  of  the  energetically  higher  ;  =  2; 
spin  LL.  (c)  (Right)  Leq  between  the  two  spin  states  of  the  j=2  LL.  (d)  (Right)  Solid  lines  -  data;  open  squares  -  simulations. 


saturating  at  a  length  that  is  longer  than  the  device  size.  The  extremely  long  Leq(B)  justifies  the  use  of 
the  decoupled  network  model  for  spin  resolved  transitions.  As  a  check  to  the  accuracy  of  the  extracted 
parameters,  other  pairs  of  resistance  were  fit.  The  extracted  Leq(B)  and  pxx+1(B)  vary  slightly,  but  all  lie 
within  the  area  bounded  by  the  circles  in  Fig.  2b  and  2c  (excluding  the  region  above  B  ~  5.5  T,  where 
Lcq(B\  while  always  long,  is  variable).  Since  Leq(£)  and  pxx\B )  completely  characterize  the  system, 
other  device  resistances  can  be  generated  using  the  model  and  these  parameters.  Fig.  2d  shows  three 
different  resistance  measurements  (tf15j28,  ^i5,46>  and  ^15,23)  and  compares  them  with  simulations  using 
the  parameters  extracted  from  the  fits  in  Fig.  2a. 

At  lower  magnetic  fields  where  the  two  spin  states  are  essentially  degenerate,  the  transitions  are 
modelled  in  a  similar  manner  as  the  spin  resolved  case.  However,  the  conductivity  of  each  of  the  bulk 
and  edge  channels  must  be  doubled  to  account  for  the  two  spin  states.  At  higher  magnetic  fields,  to 
model  spin  coupled  transitions  the  two  spin  states  of  the  topmost  LL  are  treated  as  one  bulk  state 
coupled  to  one  edge  state:  i.e.  the  topmost  LL  is  modelled  in  the  same  manner  as  a  spin  resolved 
transition  with  N=  1.  Here  the  energetically  lower  LLs  are  modelled  as  ideal  edge  states  that  are 
completely  decoupled  from  the  coupled  spin  system  representing  the  topmost  LL. 

As  an  example  of  the  former,  the  spin  degenerate  transition  from  N  =  12  to  N  =  10  is  analyzed  in  the 
same  manner  as  the  spin  resolved  case.  and  ^15,34  were  fit;  Pxx  12  and  the  equilibration  length  Leq 

between  the  j  =  6  LL  and  the  other  LLs  were  extracted  (Figs.  3a-3c).  The  extracted  parameters  were 
then  used  to  simulate  Rl5a 8,  R15A6,  and  1523  (see  Fig.  3d).  Examining  Leq,  two  features  are  observed. 
First,  the  equilibration  length  is  much  shorter  than  the  device  size,  indicating  that  unlike  in  the  spin 
resolved  case,  a  great  deal  of  equilibration  is  occurring  between  the  bulk  and  the  edge  channels. 
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Fig.  3.  Comparison  of  the  ENM  with  experimental  data  for  the  N=  12  to  N  =  10  transition:  a  spin  degenerate  transition,  (a)  Solid 
lines  are  experimental  data,  open  circles  are  numerical  fits,  (b)  Resistivity  of  the  bulk  channel  (for  the  j=  6  Landau  level),  (c)  The 
equilibration  length  between  the  bulk  channel  and  the  edge  states,  (d)  Solid  lines  are  experimental  data,  and  open  squares  are 
simulations. 


Secondly,  although  the  equilibration  length  is  short,  it  is  increasing  exponentially  as  B  is  increased  across 
the  Hall  riser. 

An  example  of  a  spin  coupled  case,  the  N  =  4  to  N  =  3  transition  is  analyzed  using  the  ENM  (see 
Figs.  2a-2d).  Leq  is  again  short  indicating  that  electrons  readily  scatter  between  the  two  spin  states.  The 
equilibration  length  for  scattering  between  two  spin  states  does  not  simply  increase  exponentially  with 
increasing  B  across  a  transition,  but  has  a  sharp  decrease  in  the  equilibration  length  on  the  low  magnetic 
field  side  of  the  transition  as  B  is  decreased. 


Fig.  4.  Experimental  data  illustrating  dramatic  nonlocal  behavior.  Here  the  edge  states  flow  counterclockwise. 
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While  data  from  only  one  of  each  of  the  three  distinct  types  of  transitions  has  been  shown,  an 
extensive  analysis  of  all  transitions  in  a  variety  of  device  geometries  and  electron  gas  parameters  has 
been  performed.  The  trends  in  the  behavior  of  Leq  versus  B  illustrated  above  hold  true  in  all  devices 
studied.  The  equilibration  length  for  scattering  between  different  LLs  is  observed  to  increase  exponen¬ 
tially  with  increasing  magnetic  field,  while  the  equilibration  length  between  the  two  spin  states  of  a  given 
LL  is  always  observed  to  have  sharply  increasing  Leq  on  the  low  magnetic  field  side  of  a  transition 
followed  by  a  more  gentle  increase  on  the  higher  magnetic  side  of  the  transition. 

The  ENM  assumes  Leq  and  p*+1  are  uniform  throughout  the  device.  This  is  not  always  the  case. 
Alphenaar  et  al.  [9]  found  that  the  equilibration  length  is  sometimes  radically  affected  by  a  single 
impurity.  The  data  in  Fig.  4,  was  taken  on  a  device  with  the  same  geometry  as  the  previous  device,  a 
slightly  lower  electron  density,  and  comparable  mobility.  When  B  is  such  that  edge  states  flow 
counterclockwise,  the  resistances  i?1528  and  R1523  are  superficially  “normal”;  however,  when  the 
resistance  R15  34  is  measured  during  the  transition  from  N  =3  to  N=  2,  the  potential  drop  between 
probes  3  and  4  is  reversed  from  what  is  expected  and  appears  as  a  large  negative  resistance.  When  the 
magnetic  field  is  reversed  so  that  the  electrons  in  the  edge  states  flow  from  probes  4  to  3  to  2,  the 
potential  drop  between  probes  4  and  3  is  normal;  however,  the  potential  between  probes  2  and  3  is  now 
reversed  and  Rl5  23  is  negative.  This  surprising  result  implies  that  the  contact  to  probe  3  is  not  ideal  [6]. 
Thus,  the  resistances  measured  using  probe  3  show  dramatic  and  nonintuitive  results  and  due  to  the 
nonlocal  nature  of  the  transition  regime,  all  the  resistances  measured  on  the  device  are  modified. 

In  conclusion,  we  have  presented  an  extended  network  model  of  transitions  in  the  IQH  regime.  This 
model  was  used  to  study  equilibration  lengths  between  various  LLs,  and  it  was  found  that  scattering 
between  the  two  spin  states  within  a  given  LL  behaves  differently  than  scattering  between  two  different 
LLs.  The  nonlocal  nature  of  transitions  in  high-mobility  samples  was  illustrated  by  showing  dramatic 
effects  due  to  nonuniformity  in  a  voltage  probe . 

The  authors  would  like  to  thank  Dr.  Aaron  Szafer  for  his  help  which  was  essential  in  developing  the 
mathematical  model.  This  work  was  supported  in  part  by  the  National  Science  Foundation  under  grant 
No.  DMR  9216121. 
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Abstract 


Explicit  expressions  for  the  widthATof  a  °f  *he  °^x  Peaks  low-mobility  samples, 

found.  It  is  shown  that  Av  grows  with  T  as  (T /T  )K  where  *  th  •  empe[d  u[e  T’  current  h  and  frequency  co  are 
/  »  shown  ,o  like  ^  “™” 

peeks  with  frequency  »  is  found  to  be  de.etnrined  by  the  effective  temperntn”^""  )  - 1"/*.”''  *<mduaM,y 


The  integer  quantum  Hall  effect  in  a  disor¬ 
dered  two-dimensional  electron  gas  manifests  it¬ 
self  more  clearly  the  lower  the  temperature  T. 
The  steps  connecting  adjacent  plateaus  in  the 
dependence  of  the  Hall  conductance  crxy  on  the 
filling  factor  v  narrow  with  decreasing  T  and  so 
do  the  peaks  in  the  longitudinal  conductance  axx. 
In  a  number  of  experiments  [1-6]  a  remarkable 
result  has  been  obtained:  the  width  Av  of  the 
peaks  shrinks  as  T  -*  0  according  to  a  power  law 
Av  a  TK.  The  exponent  k  ~  0.4  was  found  in  Refs. 
[1,2]  to  be  universal;  neither  the  Landau  level 
index  nor  the  electron  mobility  are  relevant  at 
low  temperatures.  The  measurements  have  been 
performed  down  to  temperatures  as  low  as  a  few 
tens  of  milhkelvins,  thus  giving  a  definite  indica- 
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tion  that  extended  electron  states  exist  at  only 
one  energy  within  the  broadened  Landau  level. 
Other  states  should  be  localized.  Although  the 
question  as  to  the  nature  of  the  localization  still 
remains  unresolved,  various  computer  simula¬ 
tions  [7-11]  strongly  support  this  concept  yielding 
a  power-law  divergence  of  the  localization  length 
£(£■)  a  |  E  |  r,  y  =  2.3,  as  the  electron  energy  E 
approaches  the  Landau  level  center  (E  =  0).  Re¬ 
cently,  the  same  value  of  y  has  been  directly 
measured  by  studying  how  Av  scales  with  the 
sample  size  in  the  low-T  limit  [4], 

The  conventional  explanation  of  the  scaling 
dependence  Av  a  TK  is  as  follows  [7,12],  It  is 
assumed  that  at  a  finite  temperature  there  exists 
a  phase-coherence  length  which  decreases 
with  increasing  T.  One  believes  that  if  <§: 
£(£f),  Ef  being  the  Fermi  energy,  the  localiza¬ 
tion  is  destroyed,  and  the  electron  system  exhibits 
metallic  behavior.  Similar  to  the  theory  of  weak 
localization,  is  expressed  in  terms  of  the  dif- 
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fusion  coefficient  3!  and  the  phase-breaking  time 
T  :  L  =  (5%)1/2.  The  time  r4  is  proportional 
to  with  the  exponent  p  depending  on  the 
inelastic-scattering  mechanism.  These  arguments 
lead  to  the  conclusion  that  the  width  of  the 
conducting  energy  band  vanishes  with  decreasing 
T  as  Tp/2y,  so  that  k  =p/2y  (to  describe  the 
experimental  data  in  this  way,  one  has  to  admit 
that  p-  2). 

Although  such  an  approach  looks  very  attrac¬ 
tive,  introducing  the  phase-breaking  time  to  ac¬ 
count  for  the  temperature-induced  delocalization 
at  axx~e2/h  is  not  obvious.  There  is  no  gener¬ 
ally  accepted  theory  for  r(4  in  the  quantum  Hall 
regime.  Here  we  would  like  to  suggest  an  expla¬ 
nation  of  the  scaling  behavior  A  v(T)  in  terms  of 
strong  localization  (approaching  a  peak  from  the 
region  where  o-„  «  e2/h).  We  start  with  the  no¬ 
tion  that  the  only  possible  mechanism  of  trans¬ 
port  in  the  strongly  localized  electron  system  is 
hopping.  It  is  known  that  variable-range  hopping 
is  predominant  in  the  low-temperature  limit.  In 
this  regime,  due  to  the  existence  of  the  Coulomb 
gap,  the  temperature  dependence  of  crxx  should 
have  a  form  [13,14] 

e-(r0/n1/2  (1) 

<rxx  -  e 

where 

T(  _fl_  (2) 

kBe£(v)’ 

£(v)  is  the  localization  radius  of  the  states  on  the 
Fermi  level  for  a  given  v,  e  is  the  dielectric 
constant,  kB  is  the  Boltzmann  constant,  and  C  -  6 
in  two  dimensions  [15].  This  temperature  depen¬ 
dence  was  observed  in  the  middle  of  the  Hall 
plateaus  [16,17].  Note  that  Ono  [18]  also  derived 
Eq  (1)  (with  a  different  expression  for  T0)  assum- 
ing  a  finite  density  of  states  at  the  Fermi  level 
and  using  unperturbed  wave  functions  of  isolated 
impurities  </Kp)  oc  e^2/4A ,  where  A  is  the  mag¬ 
netic  length.  It  is  known  [19],  however,  that  tails 
of  wave  functions  are  actually  of  a  simple  expo¬ 
nential  form  &~pn  due  to  multiple  scattering  of  a 
tunneling  electron.  Together  with  the  Coulomb 
gap  in  the  density  of  states  this  results  in  Eqs.  (1) 
and  (2).  As  mentioned  above,  the  length  £(W 


diverges  as  v  approaches  a  half-integer  v0: 

Z(v)={o\v-Vor,  7-2.3.  (3) 

Correspondingly,  the  value  of  T0  tends  to  zero  as 
v  _»  „Q.  Hence,  at  a  given  temperature,  there 
should  exist  a  characteristic  value  of  v  at  which 
the  exponential  factor  in  Eq.  (1)  becomes  of  the 
order  of  unity.  It  is  natural  to  assume  that  it  is 
the  difference  between  this  value  and  v0  that 
determines  the  half-width  of  a  resistivity  pxx  peak 
Ay.  In  this  case,  solving  equation  T0(y)  ~  T  with 
the  use  of  the  relations  (2)  and  (3)  immediately 
yields  a  power-law  dependence  of  Av  on  7 : 


with  K  —  l/y,  and 

Trd^y,  (*) 

where  A  is  the  numerical  coefficient.  For  y  ~  2.3 
we  arrive  at  the  experimental  value  k  ~  0.4.  As 
for  the  characteristic  temperature  Tv  to  our 
knowledge,  it  is  the  first  time  an  explicit  expres¬ 
sion  for  Tl  has  been  given.  Note  that  7\  is  of  the 
order  of  T0  in  the  middle  of  an  adjacent  plateau. 

To  compare  with  what  is  experimentally  ob¬ 
served,  we  should  define  the  elementary  length 
£  depending  on  the  properties  of  a  random 
potential.  Provided  the  potential  fluctuations  are 
short  range,  so  that  their  correlation  radius  is  less 
than  or  of  the  order  of  the  magnetic  length  A, 
one  may  expect  that  f  0  for  the  lowest  Landau 
levels  is  ~  A.  One  believes  that  fluctuations  of 
this  kind  are  realized  in  InGaAs/InP  het¬ 
erostructures,  the  experiment  on  which  Ref.  [1] 
most  clearly  confirms  the  universality  of  the  expo¬ 
nent  k.  Extracting  Av  from  the  data  for  pxx 
presented  in  Ref.  [1]  we  obtain  7) -600  K  for 
v  =  I  (the  N  =  Of  Landau  level).  Substituting  then 
A  for  £0  in  Eq.  (5)  we  find  A  -  4.  It  should  be 
noted,  however,  that  when  the  peaks  correspond¬ 
ing  to  the  spin-split  N  =  1  level  are  treated  in  the 
same  way,  7)  =  30  K  is  obtained.  This  tempera¬ 
ture  is  much  smaller  than  what  one  could  expect 
according  to  Eq.  (5)  with  £0  —  A  and  A  -  4.  It  is 
worth  comparing  Tx  -  30  K  with  the  measured 
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value  of  T0  for  hopping  at  v  —  3  which  was  found 
to  be  7.8  K  for  similar  samples  [17].  This  value  is 
of  the  same  order  of  magnitude  as  T1  and  also 
much  less  than  what  would  be  expected  from  Eq. 

(2) .  The  fact  that  both  the  characteristic  tempera¬ 
tures  are  so  small  for  the  spin-split  N  =  1  level 
indicates  that  the  length  £0  for  this  level  should 
be  much  larger  than  A.  Our  approach  enables  us 
to  relate  the  anomaly  in  the  values  of  T0  and  Tx 
with  another  striking  phenomenon  reported  in 
Ref.  [20]:  if  only  one  axx  peak  corresponds  to  the 
N  =1  level,  i.e.  its  spin  splitting  is  not  resolved, 
the  width  of  the  peak  follows  TK/ 2  instead  of  TK 
as  for  each  of  the  T  and  i  peaks  taken  sepa¬ 
rately.  The  same  phenomenon  was  observed  also 
for  the  unsplit  N=2  level  [21].  According  to 
direct  measurements  [21],  the  localization  length 
exponent  in  the  latter  case  is  much  greater  than 
2.3.  Indeed,  in  our  picture,  the  only  thing  that 
may  account  for  the  change  of  the  exponent  in 
the  dependence  Av(T)  is  a  stronger  divergence 
of  the  localization  length  as  compared  with  Eq. 

(3) .  For  example,  the  value  of  f  for  the  N  =  1 
level  should  behave  as 

r2Y  (6) 

(if  two  spin-levels  overlap  strongly,  the  values  of 
v  corresponding  to  the  extended  states  are  close 
to  an  integer  in  contrast  to  a  half-integer  in  Eq. 
(3)).  The  length  must  be  proportional  to  the 
constant  of  spin-orbit  interaction,  so  that  Eq.  (6) 
may  be  valid  only  for  >  A|  v  -  3 1 _y.  By  anal¬ 
ogy  with  the  derivation  of  Eqs.  (4)  and  (5),  the 
assumption  (6)  yields  the  width  of  the  unsplit 
level 

A  v  =  {T/T[)l/1\  kBT;~e2/e£i  (7) 

We  think  that,  even  if  a  crxx  peak  is  not 
spin-split,  there  exist  two  different  energy  levels 
corresponding  to  delocalized  states.  The  levels 
are  separated  by  a  Zeeman  energy  Eg.  The  rea¬ 
son  why  two  peaks  may  be  not  observable  is  that 
the  hopping  conductivity  between  these  two  lev¬ 
els  is  not  small.  As  the  Fermi  level  approaches 
closely  any  of  the  levels,  £(v)  must  diverge  with 
the  usual  exponent  y.  Therefore,  when  |  v  —  3 1 
becomes  ~  Eg/T  <§:  1,  one  should  expect  a 


crossover  from  the  dependence  (6)  to  that  which 
is  similar  to  (3)  but  with  much  larger  “elementary 
length”  ~  £o(r/Eg)y  resulted  from  matching  in 
the  crossover  point.  The  divergence  of  £(v)  should 
take  place  at  v  —  3  +  8v,  where  bv  ~  Eg/T.  Thus, 
our  conjecture  is  that  the  localization  length  be¬ 
haves  as  follows: 


E2-\E2S 


e2  «  r. 


(8) 


where  the  energy  E  is  reckoned  from  the  middle 
of  the  gap.  At  E  =  0  we  get  f  -  ^(E /Eg)2y  »  A. 
Consequently,  if  the  two  axx  peaks  are  resolved 
and  the  hopping  conductivity  in  the  middle  be¬ 
tween  them  is  observed,  the  value  of  T0  should 
be  strongly  reduced  in  comparison  with  that  for 
large  gaps  in  the  density  of  states: 


kBT0 


(9) 


This  equation  gives  also  the  characteristic  tem¬ 
perature  at  which  the  two  peaks  merge.  We  would 
like  to  draw  attention  to  the  extremely  strong 
dependence  of  TQ  on  the  ratio  Eg/E.  Indeed,  a 
very  high  sensitivity  of  properties  of  crxx  peaks  to 
the  electron  mobility  [21]  as  well  as  to  the  angle 
between  the  normal  to  the  plane  in  which  elec¬ 
trons  move  and  the  direction  of  the  magnetic 
field  [22]  has  been  observed  for  the  N  =  1  level. 
To  conclude  this  section,  we  have  to  say  that  we 
have  no  clear  idea  about  the  mechanism  of  dou¬ 
bling  of  the  localization-length  exponent  due  to 
spin-orbit  interaction.  What  we  provide  is  a  phe¬ 
nomenological  description  of  the  experimental 
data  from  the  point  of  view  of  an  approach  based 
on  the  concept  of  hopping. 

The  suggested  approach  permits  us  to  eluci¬ 
date  yet  another  interesting  phenomenon  ob¬ 
served  at  very  low  temperatures.  It  was  found  in 
Refs.  [23,4]  that  the  width  Av  of  the  crxx  peaks 
grows  with  increasing  current  /,  i.e.  with  the 
increase  of  the  Hall  electric  field  lfH.  Let  us 
show  that  the  dependence  Ap(^h)  can  be  under¬ 
stood  in  terms  of  the  theory  of  hopping  in  a 
strong  electric  field  [24,25].  This  theory  is  based 
on  the  fact  that  there  exists  a  quasi-Fermi  level 
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inclined  by  the  electric  field  ef.  Zero-temperature 
hopping  with  phonon  emission  becomes  then  pos¬ 
sible  and,  even  though  there  are  no  absorption 
processes,  the  local  Fermi  distribution  with  an 
effective  temperature  ~  eW£  is  formed  [24,25]. 
On  this  account,  the  exponent  of  the  current- 
voltage  characteristics  at  T  =  0  may  be  obtained 
from  that  of  the  ohmic  conductivity  by  replacing 
T^e%£/2.  In  the  quantum  Hall  regime,  if  the 
ohmic  transport  obeys  the  law  (1),  the  zero-tem¬ 
perature  conductivity  should  behave  with  increas¬ 
ing  electric  field  as 


1/9  2&BT0 

-<r„ 


Similar  to  the  case  of  ohmic  conductivity,  the 
width  of  the  axx  peak  is  found  from  the  equation 
Solving  this  equation  for  £  we  get 
f  «°0/e<^H)1/2,  which  yields 


where  a=  l/2y  =  k/2  and  B  is  the  numerical 
coefficient.  Comparing  Eqs.  (11)  and  (4)  and  (5) 
one  can  notice  that  the  field  JfH  leads  to  the 
same  broadening  of  the  peak  as  if  there  were  the 
temperature 


^eff  — 


kB  \  B  e 


(12) 


This  relation  is  remarkably  universal:  it  contains 
only  one  parameter  of  the  sample,  its  dielectric 
constant  e.  The  sensitivity  of  Av  to  JfH  may  be 
viewed  as  due  to  heating  in  the  critical  region  of 
the  metal-insulator  transition.  In  this  connection 
note  the  unusual  square-root  dependence  of  Teff 
on  <^H.  The  increase  in  Lv  with  lfH  was  clearly 
observed  in  Refs.  [23,4];  however,  no  treatment  in 
terms  of  power  dependences  was  presented.  Our 
analysis  of  the  lowest  temperature  data  of  both 
experiments  shows  that  they  can  indeed  be  de¬ 
scribed  by  introducing  Tet f  a  Jr*/2- 

The  third  phenomenon  we  would  like  to  dis¬ 
cuss  here  is  broadening  of  peaks  in  the  ohmic 
ac-conductivity  crxx(o))  with  frequency  (o  at  very 
low  temperatures  kBT<^ha)  [26].  In  that  case 


the  ac-conduction  is  related  to  a  resonant  absorp¬ 
tion  of  quanta  k  by  close  pairs  of  localized 
states.  A  theory  for  crxx(o))  in  three  dimensions 
has  been  developed  in  Ref.  [27]  with  the  effects 
of  the  Coulomb  gap  taken  into  account.  Straight¬ 
forward  generalization  for  the  two-dimensional 
case  yields  the  conductivity  away  from  a  peak 

<rXi ,(<d)  =  ^ega),  fio)  »  kBT .  (13) 

The  width  of  a  peak  in  o-xx((o)  can  be  estimated 
by  making  use  of  the  condition  that  the  conduc¬ 
tivity  near  the  peak  is  of  the  order  of  e2/h .  This 
gives 

Av=  ^r— j  ,  Tef!(co)»T,  (14) 

where  =  Dho),  D  being  the  numerical  coef¬ 

ficient. 

Note  that  measurements  of  axx  away  from 
peaks  can  be  very  useful.  Combining  Eqs.  (13) 
and  (2)  we  get  a  measurable  quantity 


(15) 


which  should  not  depend  on  v .  An  experimental 
observation  of  this  invariance  would  verify  our 
approach  as  based  on  the  Coulomb  gap  theory. 
At  ho)  T,  absorption  is  related  to  relaxation 
losses  rather  than  to  resonant  transitions.  Never¬ 
theless,  the  expression  for  crxx  in  that  case  [28], 


& xx  12  ^  ^  ^  ^  ^  B  ^  > 


(16) 


differs  from  Eq.  (13)  only  by  a  factor  of  1/2.  We 
would  like  to  stress  that,  away  from  peaks,  both 
Eqs.  (13)  and  (16)  make  it  possible  to  measure 
directly  the  value  of  £  as  a  function  of  v  (see  also 
Ref.  [28]).  Besides,  we  think  that  another  way  of 
measuring  £,  which  is  based  on  determination  of 
both  temperature  and  current  dependences  of 
axx  at  a  given  v,  may  be  fruitful.  The  value  of 
g(v)  is  then  obtained  as  a  ratio  2kBT0(v) 

Recently,  a  remarkable  observation  of  the  scal¬ 
ing  behavior  A  a  TK  in  the  fractional  quantum 
Hall  regime  has  been  reported  [29,3],  According 
to  Ref.  [29],  the  exponent  k  ~  0.4  is  the  same  as 
for  the  integer  quantum  Hall  effect.  This  gives  an 
indication  that  our  results  may  be  applicable  to 
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the  fractional  regime,  too.  If  that  is  the  case,  the 
characteristic  temperatures  T1  and  T0  contain 
the  fractional  charges  and  so  should  be  much 
smaller  than  those  for  the  integer  effect.  The 
experimental  values  of  7\  and  T0  are  actually 
very  small  [29,30].  Note  that  one  could  use  the 
invariant  I  to  compare  effective  charges  of  hop¬ 
ping  excitations  for  different  plateaus. 

We  are  grateful  to  L.W.  Engel,  S.W.  Hwang, 
C.  Kurdak,  D.  Shahar,  D.C.  Tsui  and  H.P.  Wei 
for  providing  us  with  the  experimental  data 
[22,26].  This  work  was  supported  by  the  National 
Science  Foundation  under  Grant  No.  DMR- 
9020587. 
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Abstract 

We  report  a  study  of  the  quantum  Hall  effect  and  Shubnikov-de  Haas  oscillations  in  semimetallic  type  II 
heterostructures  of  the  strained  layer  system  InAs/Ga^In^Sb  which  are  almost  intrinsic.  In  high  magnetic  fields 
up  to  50  T,  pxy  has  large  peaks,  demonstrating  the  high  degree  of  charge  compensation  in  the  system.  Between  these 
peaks,  intrinsic  quantum  Hall  minima  are  observed,  where  pxy  approaches  zero. 


The  quantum  Hall  effect  is  well  known  for 
single  carrier  systems  such  as  Si-MOSFET  or 
GaAs/Ga^Al^As  structures  containing  a  two- 
dimensional  (2D)  electron  gas.  The  longitudinal 
magnetoresistivity  shows  Shubnikov-de  Haas  os¬ 
cillations  which  are  periodic  in  inverse  magnetic 
field  and,  at  low  temperatures  and  high  magnetic 
fields,  the  pxx  minima  tend  to  zero.  These  zeros 
in  pxx  occur  whenever  there  is  an  integer  number 
of  filled  Landau  levels,  when  the  Fermi  level,  EF , 
lies  within  localised  electron  states.  At  these  val¬ 
ues  of  magnetic  field,  the  Hall  resistivity,  pxy, 
shows  quantised  plateaux  with  pxy  =  h/ve2, 
where  v  is  the  integer  Landau  level  filling  factor 
[1]. 


*  Corresponding  author. 


This  paper  reports  a  study  of  the  quantum 
Hall  effect  in  bipolar  systems  containing  a  2D  gas 
of  coexisting  electrons  and  holes,  using  het¬ 
erostructures  formed  from  the  crossed  gap  system 
InAs/Ga^In^Sb  [2-4].  In  these  structures,  the 
valence  band  maximum  of  GaSb  (Ga^^In^Sb) 
lies  150  meV  (higher  for  Ga^^In^Sb)  above  the 
conduction  band  minimum  of  InAs.  If  the  layers 

o 

of  InAs  are  above  a  critical  thickness  ( ~  85  A  for 
InAs /GaSb),  the  confined  electron  levels  at  zero 
magnetic  field  are  at  lower  energy  than  the  hole 
levels.  As  a  result,  there  is  intrinsic  transfer  of 
electrons  from  the  valence  band  of  Ga^In^Sb 
to  the  conduction  band  of  InAs  and  the  structure 
behaves  as  a  semimetal. 

In  addition  to  the  intrinsic  charge,  these  struc¬ 
tures  have  extrinsic  negative  charge  due  to  donor 
interface  states  [5]  and  to  Fermi  level  pinning  by 
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surface  states  [6].  Previous  MBE-grown  InAs/  general,  the  structures  with  Ga09In01Sb  were 

GaSb  samples  had  only  a  small  proportion  of  closer  to  the  intrinsic  limit,  due  to  the  additional 

intrinsic  carriers,  with  electron  to  hole  density  transfer  of  charge.  These  samples  also  showed 

ratios  ne/nh  in  the  range  4-5  [7].  The  important  higher  electron  and  hole  mobilities,  which,  in  the 

difference  in  the  present  study  is  that  the  struc-  case  of  the  holes,  may  be  due  to  the  considerably 

tures  have  electron  to  hole  density  ratios  which  larger  strain  in  the  system,  which  leads  to  a 

are  much  closer  to  perfect  compensation,  with  reduction  in  the  hole  masses  [11].  Further  confir- 

typical  ratios  from  1.5  down  to  less  than  1.1.  mation  of  the  small  net  charge  density  in  the 

These  samples  are  semimetallic  type  II  superlat-  superlattice  structures  studied  here  comes  from 

tices  and  double  heterojunctions  (DHETs)  of  electron  cyclotron  resonance  measurements  in 

InAs/GaSb  and  InAs/Ga09In01Sb  grown  onto  a  fast  pulsed  magnetic  fields  up  to  120  T  [12]. 

GaSb  buffer  layer  on  GaAs  substrates  by  MOVPE  These  magnetic  fields  are  sufficiently  large  for 

[8].  Careful  optimisation  of  the  switching  se-  the  zero  point  energy  to  cause  the  lowest  Landau 

quence  of  the  growth  produced  structures  biased  levels  to  uncross,  thus  inducing  a  semimetal  to 

towards  an  (In-Sb)  interface  bond  [9],  which  were  semiconductor  transition.  By  100  T,  only  the  ex- 

found  to  have  the  highest  mobilities.  A  thick  trinsic  carriers  remain,  and  it  is  found  that  the 

capping  layer  of  GaSb  was  used  in  the  DHETs  to  carrier  density  has  fallen  by  factors  of  10  to  20. 

reduce  Fermi  level  pinning  at  the  surface  and  At  lower  fields,  in  the  range  10-50  T,  the  intrin- 

hence  to  reduce  the  extrinsic  charge  density.  The  sic  origin  of  almost  all  the  carriers  and  the  re¬ 
incorporation  of  In  into  the  GaSb  improved  the  quirement  for  a  fixed  net  charge  lead  to  large 

samples  in  two  ways:  it  increases  the  band  over-  oscillations  in  the  electron  and  hole  densities  as 

lap,  causing  an  increase  in  the  intrinsic  transfer  the  different  electron  and  hole  Landau  levels 

of  charge,  and  it  also  biases  the  system  further  in  cross  each  other. 

favour  of  (In-Sb)  interface  formation.  Magnetotransport  measurements  have  been 

The  low  field  carrier  densities  and  mobilities  carried  out  on  these  samples  at  temperatures 

are  found  using  a  classical  two-carrier  fit  [10]  to  down  to  1.5  K  in  slower  pulsed  magnetic  fields  up 

the  low  field  Hall  data,  which  shows  that  the  ratio  to  50  T  [13],  and  down  to  0.33  K  in  steady  fields 

of  electron  to  hole  densities  in  these  samples  up  to  15  T.  We  observe  two  distinct  classes  of 

varies  from  1.04  to  1.7,  both  for  single  layers  of  behaviour  in  the  quantum  Hall  resistance: 

InAs  (DHET  structures)  and  for  20  period  super-  (i)  For  samples  with  a  higher  extrinsic  contri- 

lattices.  Fourier  analyses  of  the  low  field  resistiv-  bution  to  the  carrier  density,  the  behaviour  of  pxx 

ity  oscillations  show  that  all  20  periods  of  the  and  pxy  depends  on  the  extent  to  which  the 

superlattices  are  electrically  active,  with  similar  presence  of  the  hole  density  compensates  for  the 

electron  densities  in  each  layer.  The  parameters  electron  density.  Compensated  quantum  Hall 

derived  from  the  low  field  fitting  are  shown  in  plateaux  are  observed,  as  previously  studied  by 

Table  1  for  the  samples  studied  at  high  fields.  In  Mendez  et  al.  [2].  These  plateaux  occur  when  the 


Table  1 

Carrier  densities  and  mobilities  for  the  samples  in  this  study 


Sample 

%  In  in 
Ga(In)Sb 

InAs 

thickness 

(A) 

No.  of 
layers 

nj  layer 
(xl015m“2) 

«h/layer 
( X 1015  m“2) 

(m2/V  •  s) 

Mh 

(m2/V  •  s) 

963/973 

0 

300 

1 

7.0 

4.1 

5.7 

0.72 

1137 

0 

280 

20 

7.2 

4.8 

4.7 

0.11 

1249 

0 

220 

20 

6.5 

6.2 

2.5 

0.20 

1072 

10 

500 

1 

6.8 

5.3 

2.7 

0.42 

1266 

10 

500 

20 

9.2 

8.5 

10.9 

0.80 
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Fig.  1.  pxx  and  pxy  for  two  DHETs  with  nc/nh  =  1.7:  sample 
963  in  pulsed  magnetic  fields  at  1.5  K  and  sample  973  in 
steady  fields  at  0.33  K.  Compensated  plateaux  with  (ve-vh) 
=  1  are  seen  in  pxy  around  13  and  30  T,  with  corresponding 
minima  in  pxx.  The  features  are  greatly  enhanced  in  the  lower 
temperature  data. 


Fermi  level  lies  simultaneously  in  the  regions  of 
localised  states  for  both  electrons  and  holes  (and 
hence  crxx  =  0),  and  the  quantised  Hall  resistance 
has  values  corresponding  to  the  net  Landau  level 
filling  factor.  The  transverse  conductivity  is  given 
by  the  sum  of  the  electron  and  hole  contribu¬ 
tions:  axy  =  (ve  -  vh)e2/h,  where  v&  and  vh  are 
positive  integers.  The  tensor  relationship  between 
the  Hall  resistivity  and  the  conductivities  is  pxy  = 

VxyMlx  +  vD-  SinCe  °-«  =  0>  Pjry=1/°iy»  md 
hence  the  Hall  resistivity  is  pxy  =  h/(vQ-v h)e2 
(for  ve  *  vh). 

Fig.  1  shows  an  example  of  this  behaviour  in 
pxx  and  pxy  of  two  similar  InAs/GaSb  DHETs 
with  nc/nh  =  1.7.  Sample  963  was  measured  at 
1.5  K  in  fields  up  to  50  T  and  sample  973  at  0.33 
K  and  up  to  15  T.  A  compensated  quantum  Hall 
plateau  is  seen  around  13  T,  with  (y&  -  vh)  =  (2 
-  1)=  1.  (Note  that  the  ratio  of  effective  filling 
factors  is  not  identical  to  the  carrier  density  ratio 
because  of  the  finite  densities  of  localised  states.) 
In  the  same  field  range,  there  is  a  minimum  in 
pxx .  On  cooling  sample  973  from  4.2  to  0.33  K, 
the  plateau  in  pxy  becomes  more  accurately 
quantised  and  the  minimum  in  pxx  is  more 
strongly  developed.  This  is  due  to  the  require¬ 
ment  that  the  Fermi  level  should  lie  within  the 
localised  states  for  both  carrier  types,  and  thus 


the  strength  of  the  minimum  is  determined  by  the 
smaller  of  the  two  level  separations,  which  is  that 
due  to  the  holes  because  they  have  much  higher 
mass  than  the  electrons.  The  high  field  pxy  shows 
another  plateau  around  30  T,  this  time  with  (vc  - 
vh)  =  (1  -  0)  =  1,  and  a  corresponding  minimum 

^  Pxx • 

(ii)  For  samples  which  are  almost  at  the  intrin¬ 
sic  limit,  and  at  high  magnetic  fields,  a  new  type 
of  behaviour  is  seen.  The  numbers  of  filled  Lan¬ 
dau  levels  for  each  carrier  type  are  almost  equal, 
and  the  quantisation  condition  ve  =  vh  can  be 
fulfilled.  This  leads  to  the  special  condition  for  an 
intrinsic  system,  <Jxy  =  0.  If  crxy  tends  to  zero 
faster  than  axx,  or  if  axx  remains  finite  for  any 
reason,  this  will  lead  to  a  zero  in  the  Hall  resistiv¬ 
ity  (rather  than  leading  to  a  plateau  as  in  the 
extrinsic  case).  Again,  the  requirement  for  obser¬ 
vation  of  quantised  behaviour  is  that  the  Fermi 
level  should  lie  within  the  localised  states  for 
both  electron  and  hole  Landau  levels,  but  it 
should  be  borne  in  mind  that  this  does  not  re¬ 
quire  exact  equality  of  the  electron  and  hole 
densities,  due  to  the  finite  width  of  the  localised 
states.  However,  if  <rxx  tends  to  zero  faster  than 
<rxy9  there  will  be  a  large  Hall  resistance.  Away 
from  the  regions  where  the  Fermi  level  lies  within 
the  localised  states  for  both  carrier  types,  there 
will  be  imperfect  compensation  of  the  Hall  con¬ 
ductivity,  and  a  small  but  finite  value  of  axy  will 
result.  This  too  will  lead  to  a  large  Hall  resistance 
if  crxx  is  small,  and  so  pxy  might  be  expected  to 
show  large  oscillations  as  a  function  of  magnetic 
field. 

Such  behaviour  is  seen  in  Fig.  2,  which  shows 
the  longitudinal  and  Hall  resistivities  per  layer  for 
two  20  period  superlattices,  samples  1137  and 
1249,  with  electron  to  hole  density  ratios  1.5  and 
1.04,  respectively.  The  low  field  Hall  resistivities 
are  linear  and  almost  identical  because  they  are 
dominated  by  the  electrons  and  ne  is  similar  for 
the  two  samples.  However,  at  high  fields,  the 
more  closely  compensated  sample  shows  a  much 
larger  Hall  resistivity  due  to  the  smaller  net  charge 
density.  Large  oscillations  appear  for  both  sam¬ 
ples.  An  example  of  the  situation  where  crxy  is 
small  but  finite  can  be  seen  around  25-30  T  for 
both  samples,  when  pxy  becomes  very  large.  Sam- 
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Magnetic  field  (T) 

Fig.  2.  Longitudinal  and  Hall  resistivity  per  layer  for  two  20 
period  InAs/GaSb  superlattices  with  nQ  / nh  —  1.5  (sample 
1137)  and  1.04  (sample  1249)  at  4.2  K.  Both  samples  have 
field  ranges  where  pxy  is  large,  and  sample  1137  shows  an 
intrinsic  quantum  Hall  minimum  with  (ve  —  i/h)  =  (1  —  1)  =  0, 
where  pxy  approaches  zero  at  44  T. 


pie  1137  also  demonstrates  the  situation  where 
c rxy  approaches  zero  while  crxx  remains  finite:  at 
44  T,  the  quantum  Hall  resistance  is  completely 
compensated,  and  an  intrinsic  quantum  Hall  min¬ 
imum  occurs,  with  pxy  approaching  zero  at  ve  = 
"h  = 1  M. 

An  even  more  dramatic  example  of  the  intrin¬ 
sic  quantum  Hall  effect  can  be  seen  in  Fig.  3,  for 
a  20  period  InAs/Ga0  9In0  ASb  superlattice  which 
has  higher  electron  and  hole  mobilities  and  is 
also  very  close  to  the  fully  compensated  (intrinsic) 
limit,  with  njn h  =  1.08.  This  shows  a  series  of 
several  compensated  quantum  Hall  minima,  which 
alternate  with  regions  where  the  Hall  resistance 
is  high,  demonstrating  the  high  degree  of  charge 
compensation  in  the  system.  In  this  case,  the 
resistivity,  pxx ,  also  shows  a  series  of  minima  at 
the  same  field  positions  as  the  minima  in  pxy; 
however,  these  do  not  approach  zero  as  strongly 
as  the  pYV  minima,  in  contrast  with  the  single 
carrier  case,  where  only  pxx  has  zeros. 

The  Hall  minima  were  found  to  become  even 
more  pronounced  when  hydrostatic  pressure  was 
applied  to  the  latter  sample  in  steady  magnetic 
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Fig.  3.  Longitudinal  and  Hall  resistivity  per  layer  for  a  20 
period  InAs/Ga09In0  jSb  superlattice  with  ne/nh  =  1.08 
(sample  1266)  at  4.2  K.  pxy  shows  large  oscillations  with  a 
series  of  intrinsic  quantum  Hall  minima,  where  pxy  ap¬ 
proaches  zero,  while  pxx  remains  finite  and  larger  than  pxy. 

fields.  The  pressure  causes  a  reduction  in  the 
band  overlap  of  the  InAs  and  Ga^^In^Sb,  re¬ 
ducing  the  separation  between  the  electron  and 
hole  Landau  level  fans,  and  thus  reducing  the 
intrinsic  electron  and  hole  densities.  As  a  result, 
specific  minima  in  pxx  and  pxy  are  seen  to  shift 
linearly  with  pressure  to  lower  magnetic  fields, 
thus  providing  further  proof  of  the  intrinsic  na¬ 
ture  of  the  oscillatory  features.  This  behaviour  is 
shown  in  Fig.  4,  where,  with  the  application  of  a 
pressure  of  6  kbar,  the  minima  previously  seen  at 
higher  fields  of  25  and  16  T  have  moved  down  to 
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Fig.  4.  Hall  resistivity  per  layer  for  sample  1266  with  an 
applied  pressure  of  6  kbar  at  4.2  K.  The  minima  in  pxy  have 
shifted  down  to  lower  magnetic  fields  and  have  become 
stronger  than  in  Fig.  3. 
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14.5  and  9  T,  respectively.  At  the  same  time,  the 
Hall  resistivity  minima  have  become  much 
stronger  and  are  close  to  zero  over  a  considerable 
field  range. 

It  is  not  clear  at  present  why  the  strongest 
features  are  observed  in  the  InAs/Ga^In^Sb, 
rather  than  the  InAs/GaSb  structures,  and  with 
applied  pressure;  however,  we  speculate  that  the 
strength  of  the  features  is  related  to  the  higher 
mobilities  and  lower  hole  masses  in  the  former 
structures,  possibly  combined  with  a  particularly 
favourable  alignment  of  the  electron  and  hole 
Landau  levels  achieved  by  the  application  of 
pressure.  Detailed  8-band  k  •  p  calculations  also 
indicate  that  the  magnitude  of  the  spin-splitting 
of  the  hole  levels  is  considerably  greater  in  the 
Ga09In01As  structures.  Finally,  when  the  pres¬ 
sure  is  further  increased  to  above  16  kbar,  the 
subband  edges  of  the  InAs  and  the  Ga09In0  jSb 
become  uncrossed  and  a  hydrostatic  pressure-in¬ 
duced  semimetal  to  semiconductor  transition  oc¬ 
curs.  Beyond  this  point,  the  structure  is  found  to 
contain  a  single  2D  electron  gas,  probably  at  the 
interface  closest  to  the  surface,  and  conventional 
extrinsic  quantum  Hall  plateaux  for  a  single  car¬ 
rier  system  appear. 

In  conclusion,  we  have  measured  the  magneto¬ 
transport  of  structures  which  are  very  close  to  the 
intrinsic  limit,  and  have  observed  interesting  new 
behaviour  in  the  quantum  Hall  effect.  Large  os¬ 
cillations  are  seen  in  pxy :  there  are  high  Hall 
resistances,  demonstrating  the  high  degree  of 
charge  compensation  of  the  structures,  and  there 
are  intrinsic  quantum  Hall  minima,  where  the  net 
Landau  level  filling  factor  is  zero  and  pxy  ap¬ 
proaches  zero. 
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Abstract 

Magnetic  field  dependence  of  the  device-width-dependent  breakdown  current  in  the  quantum  Hall  effect  is 
measured  in  magnetic  fields  up  to  23  T  at  0.5  K  for  GaAs/AlGaAs  Hall  bars  having  a  total  length  of  2900  (im,  a 
source-  and  drain-electrode  width  of  400  gm  and  different  widths  10,  20  and  35  /x m  in  its  central  600  \x m  long  part. 
Results  are  explained  in  terms  of  localization  in  Landau  levels  without  edge-state  transport. 


1.  Introduction 

The  quantum  Hall  effect  (QHE),  where  the 
Hall  conductivity  axy  is  quantized  as  crxy  = 
—  ie2/h  for  an  integral  number  i  in  two-dimen¬ 
sional  (2D)  electron  systems  in  strong  magnetic 
fields,  was  expected  from  the  theoretical  study  of 
localization  by  Ando  et  al.  [1],  which  showed  that 
the  quantization  relation  axy=  —ie2/h  holds 
when  the  diagonal  conductivity  crxx  is  zero  even  if 
the  filling  factor  of  Landau  levels  is  not  exactly  an 
integral  number  i.  The  QHE  was  observed  in 
Si-MOSFETs  by  Kawaji  and  Wakabayashi  [2], 
The  high  precision  observation  of  the  quantized 
Hall  resistance  by  von  Klitzing  et  al.  [3]  opened  a 
new  era  in  the  electrical  resistance  standard. 

Since  then,  many  theoretical  studies  on  the 
QHE  have  been  done  based  on  the  knowledge 
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that  the  quantization  of  the  Hall  conductance  is  a 
bulk  property  of  2D  electron  systems  in  strong 
magnetic  fields  [4].  As  a  supplement  to  Laughlin’s 
argument  [5],  the  important  role  of  the  edge 
states  in  the  QHE  was  pointed  out  by  Halperin 
[6].  Halperin  pointed  out  that  the  Hall  current 
IH(i)  is  proportional  to  the  chemical  potential 
difference  8/jl  =  /jl1  -  \x2  between  opposite  edges 
of  a  Hall  bar  device  with  a  2D  electron  system  in 
the  QHE  condition  as  JH(j)  =  ( ie/h)8ix . 

In  recent  years,  understanding  of  the  QHE  has 
been  made  in  terms  of  the  edge-state  transport 
introduced  by  Biittiker  [7].  He  restricted  the  role 
of  the  edge  states  to  a  function  where  the  Hall 
current  in  the  QHE  is  carried  by  the  edge  states 
only.  Many  experiments  have  shown  phenomena 
that  can  be  easily  explained  in  terms  of  the  edge- 
state  transport  [8].  However,  experimental  results 
discussed  so  far  based  on  edge-state  transport  are 
associated  with  so-called  adiabatic  transport 
which  appears  in  nonequilibrium  states. 
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We  reported  in  a  previous  paper  [9]  results  of 
experiments  carried  out  to  find  evidence  of  the 
edge-state  transport  in  the  quasi-equilibrium  state 
of  the  system  on  which  the  best  present  reference 
standards  of  electrical  resistance  in  terms  of  the 
QHE  are  based.  If  the  Hall  current  flows  in  the 
edge  states  only  in  a  simple  Hall-bar  structure, 
then  the  current  is  confined  in  two  channels 
along  the  opposite  edges  with  width  of  the  order 
of  the  magnetic  length,  lB  =  ( h/eB)l/ 2  ~  100  A. 
The  width  of  the  edge  channel  is  supposed  to  be 
independent  of  the  total  width  of  the  Hall  bar  w 
when  the  total  width  is  much  larger  than  the  edge 
channel  width,  w  »  lB.  Then,  the  QHE  state  may 
break  down  when  the  current  exceeds  a  critical 
value,  /cr.  Our  experimental  results  for  the  Hall 
plateau  with  i  =  2  have  shown  that  the  critical 
current  is  proportional  to  the  sample  width. 

In  the  present  paper,  results  of  measurements 
of  the  critical  current  in  the  Hall  plateaus  for 
i  =  1,  2,  and  4  will  be  reported. 


2.  Experiments 

In  the  present  experiments,  we  used  three 
samples  selected  out  of  five  samples  in  previous 
experiments  [9].  In  order  to  realize  a  quasi-equi¬ 
librium  state  in  the  system,  as  is  the  case  for 
samples  used  in  the  reference  standards  of  elec¬ 
trical  resistance,  the  samples  are  made  from  a 
GaAs/Al03Ga0  7As  heterostructure  wafer  with  a 
relatively  low  electron  mobility  of  21  m2/V  •  s.  It 
is  known  that  a  nonequilibrium  population  of 
electrons  occurs  at  the  source-  and  drain-elec¬ 
trode  [10].  In  order  to  keep  the  same  energy 
dissipation  condition  at  the  source-  and  drain- 
electrode  in  different  samples,  all  the  samples 
have  the  same  source-  and  drain-electrode  width 
of  400  fim.  Moreover,  in  order  to  equilibrate  the 
electron  population  in  the  central  part  of  the 
sample  where  the  measurement  is  carried  out,  all 
the  samples  have  a  large  total  length  of  2900  fx m 
between  the  source-  and  drain-electrode.  The 
central  part  is  600  fi  m  long  and  has  different 
widths  w  =  10,  20,  and  35  fim.  These  numbers  of 
w  are  dimensions  in  the  mask  used  in  photolitho¬ 
graphic  processes.  The  width  in  each  device  is 


linearly  narrowed  down  from  the  source  (drain) 
electrode  to  the  end  of  the  central  part.  The 
central  part  has  symmetrically  located  three  pairs 
of  Hall  voltage  probes  separated  by  150  fi m. 

We  note  here  that  the  structure  of  the  samples 
in  this  work  is  a  modification  of  Hall  bars  used  in 
the  reference  standards  of  electrical  resistance 
and  different  in  nature  from  the  sample  with  a 
narrow  and  short  constriction  such  as  used  by 
Bliek  et  al.  [11]. 

Experiments  were  carried  out  at  temperatures 
down  to  0.5  K  in  magnetic  fields  up  to  23  T  by 
using  high  magnetic  fields  facilities  at  the  Insti¬ 
tute  for  Materials  Research  in  Tohoku  Univer¬ 
sity.  The  diagonal  resistance  Rxx (/)  for  the  Hall 
plateau  with  the  quantum  numbers  i  =  1,  2  and  4 
was  measured  by  use  of  a  20  Hz  AC  constant 
current  whose  magnitude  ranges  from  10  nA  to  1 
mA  as  was  done  in  previous  experiments.  The 
edge  of  the  Hall  plateau  was  assigned  by  the 
magnetic  field  where  Rxx(i )  exceeds  0.1  ft.  The 
critical  current  Icr  was  determined  from  the  cur¬ 
rent  at  which  the  plateau  disappeared.  Almost  all 
measurements  were  carried  out  at  0.5  K.  As  a 
typical  trace  of  magnetic  field  dependence  of  the 
diagonal  resistance,  a  result  measured  in  the  sam¬ 
ple  with  w  =  10  /im  at  0.5  K  at  a  current  I  —  10 
(i  A  is  shown  in  Fig.  1. 

The  critical  currents  for  the  breakdown  of  the 
QHE  measured  are  shown  as  a  function  of  w  in 
Fig.  2.  The  width  w  is  the  photolithographic  mask 


Fig.  1.  Typical  behaviour  of  diagonal  resistance  Rxx  vs  mag¬ 
netic  field  B  in  the  sample  with  the  width  w  =  10  /im. 
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Fig.  2.  Sample  width  dependence  of  the  critical  breakdown 
current  of  the  quantum  Hall  effect.  The  open  square  shows 
the  sample  width  for  zero  effective  width  estimated  from 
conductance  vs  sample  width  measurements. 

width.  The  effective  width,  or  the  width  of  the  2D 
electron  sheet,  is  reduced  by  chemical  etching 
and  formation  of  the  space  charge  layer  at  the 
sample  edges.  SEM  observations  of  the  samples 
show  that  the  width  of  each  sample  is  reduced  by 
2  jum  by  chemical  etching.  The  effective  width 
estimated  from  the  conductance  versus  w  plot  in 
the  absence  of  magnetic  field  is  w'  =  w  -  2.2  gm. 
The  open  square  in  Fig.  2  is  the  width  w  for 
w'  =  0.  In  the  following  discussions,  we  use  the 
effective  with  w'  =  w  -  2.2  fim. 

The  critical  current,  7cr,  the  average  critical 
current  density,  /cr,  and  the  average  value  of  the 
critical  field,  Fcr,  in  the  three  Hall  plateaus  mea¬ 
sured  in  the  sample  with  the  width  w  =  35  mm 
are  summarized  in  Table  1.  In  Table  1,  the  drift 
velocity  of  electrons,  v6 ,  determined  from  the 
magnetic  field  B  and  the  average  critical  field  Fcr 
is  also  calculated  for  each  QHE  plateau.  In  the 
following  section,  we  discuss  possible  mechanisms 
of  the  breakdown  of  the  QHE. 


3.  Discussions 

Some  years  ago,  the  breakdown  of  the  QHE  in 
GaAs/AlGaAs  heterostructures  was  experimen¬ 
tally  studied.  Ebert  et  al.  [12]  reported  that  Jcr  = 
0.5  Am"1  in  Rxx( 4)  at  T=  1.4  K  and  B  =  4.7  T. 
Cage  et  al.  [13]  reported  that  Jcr  =  0.9  Am-1  in 
Rxx(4)  at  T  =  1.1  K  and  B  =  5.7  T.  Stormer  et  al. 
[14]  reported  that  /cr^1.16  Am-1  in  RXJA), 
Rxx( 2)  and  Rxx(  1)  at  T=  0.5  K  and  B  =  6,  12  and 
24  T,  respectively.  Komiyama  et  al.  [15]  reported 
that  Jcr  =  0.6  Am-1  in  Rxx( 4)  at  T  —  1.9  K  and 
B  =  3.8  T.  These  critical  current  densities  were 
obtained  in  Hall  bar  devices  with  somewhat  simi¬ 
lar  dimensions  except  in  the  work  of  Stormer  et 
al.  [14]  who  used  a  Corbino  disk.  Stormer  et  al. 
[14]  obtained  the  result  that  the  critical  current 
does  not  depend  on  the  quantum  number  i  of  the 
Hall  plateau  which  leads  to  the  interesting  result 
that  the  drift  velocity  of  electrons  at  the  critical 
current  does  not  depend  on  the  quantum  number 
i.  The  constant  drift  velocity  at  the  breakdown  of 
the  QHE  appears  to  favour  such  a  mechanism  of 
the  breakdown  where  the  phonon  emission  like 
Cerenkov  radiation  causes  the  breakdown.  How¬ 
ever,  our  result  in  Fig.  1  and  in  Table  1  shows 
that  the  critical  current  depends  on  the  quantum 
number  i  and,  therefore,  the  drift  velocity  of 
electrons  at  the  breakdown  depends  on  the  quan¬ 
tum  number  i.  Our  critical  current  density  for 
i  =  4  is  larger  than  those  reported  by  the  authors 
of  Refs.  [12-15].  This  fact  shows  that  the  struc¬ 
ture  of  samples  we  used  is  successful  in  minimiz¬ 
ing  the  effect  of  the  nonequilibrium  population  of 
electrons  in  Landau  levels  at  the  breakdown. 

The  QHE  state  is  characterized  by  the  dissipa¬ 
tionless  current  whose  direction  is  orthogonal  to 
the  electric  field  direction.  The  breakdown  of  the 
QHE  means  the  appearance  of  energy  dissipation 


Table  1 

Magnetic  field  B,  critical  current  /cr,  average  critical  current  density  JCT,  average  critical  field  Fcn  average  drift  velocity  ud,  electric 
field  for  inter-Landau-level  tunneling  Fcr(TH)  and  the  ratio  between  Fcr  measured  and  Fcr(TH)  in  the  sample  with  the  effective 

width  of  w'  -  32.8  /xm _ _ _ _ _ __ _ 

]  B  (T)  7cr  (/aA)  7cr  (A/m)  Fcr  (V/m)  vd  (m/s)  Fcr(TH)  F^/FJJU) 

\  1925  3225  099  2.56  X  104  1.3  X  103  2.11  x  106 

2  9.7  62.9  1.92  2.48  X  104  2.6  X  103  8.78  x  10s 

4  4.7  43.8  1.34  8.65  X  103  1.84  X  103  1.74  x  10s 


0.012 

0.034 

0.050 
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due  to  the  current  parallel  to  the  electric  field.  In 
the  structure  of  the  samples  in  the  present  exper¬ 
iments,  we  consider  that  the  breakdown  occurs  in 
the  central  rectangular  part  with  a  length  of  600 
fim  and  a  width  w'  in  the  2900  yum  long  samples. 
Therefore,  thermal  processes  can  be  eliminated 
in  the  transition  from  the  dissipationless  state  to 
the  dissipative  state.  A  possible  process  to  create 
mobile  electrons  and  holes  along  electric  field  is 
an  inter-Landau-level  transition  of  electrons  from 
the  filled  Landau  level  to  the  empty  Landau 
level. 

The  eigenfunction  of  2D  free  electrons  in  a 
sample  with  length  L  in  the  x-direction  and 
width  w  in  the  y-direction  in  a  perpendicular 
magnetic  field  B  in  the  z-direction  and  a  parallel 
electric  field  in  the  y-direction  is  given  by 

y)  =L~1/2  tikx(f)n(y  —  Y),  (1) 

where  n  =  0,  1,  2, ... ,  is  the  Landau  quantum 
number,  and  <£w(y  -Y)  is  the  nth  eigenfunction 
of  a  harmonic  oscillator  whose  center  lies  at  Y 
[16].  A  necessary  condition  for  inter-Landau-level 
transitions  is  spatial  overlap  between  an  eigen¬ 
function  <f>n(y  —  Y )  of  the  highest  filled  Landau 
level  with  quantum  number  n  and  an  empty  state 
eigenfunction  cj>n  +  L (y  — Y)  of  the  next  Landau 
level,  where  both  states  have  the  same  energy  at 
the  critical  field  Fcr  described  as  eFcr  (Y-Y')  = 
h(oc.  If  we  take  the  spatial  extent  of  the  harmonic 
oscillator  eigenfunction  <t>n  to  be  given  by  the 
classical  radius  of  the  Landau  orbit  An  =  (2 n  + 

1  )1/2lB,  then  we  have  Y-  Y '  =An  +  An  +  1  at  the 
critical  breakdown  field  as  described  by  Eaves 
and  Sheard  [17].  Then  we  can  calculate  the  criti¬ 
cal  field 

ha) 

where  n  =  0  for  i  =  1  and  2,  n  —  1  for  i  —  4.  Here, 
i  is  the  quantum  number  for  the  Hall  plateau  as 
RH  =  h/ie2.  Calculated  critical  fields  for  i  =  1,  2 
and  4  are  given  in  Table  1. 

The  calculated  critical  fields  Fcr(TH)  are  much 
larger  than  the  corresponding  experimental  val¬ 
ues  Fcr.  This  fact  can  be  explained  in  terms  of 
localization.  If  the  range  of  random  potentials  is 


larger  than  the  radius  of  a  Landau  orbit,  it  is  easy 
to  see  that  the  electric  field  in  extended  states  is 
enhanced  as  there  are  no  electric  fields  in  local¬ 
ized  regions  [16].  In  the  case  of  short  range 
random  potentials,  similar  enhancement  of  the 
electric  field  for  the  extended  state  electrons  is 
expected  because  the  Hall  voltage  is  fixed  against 
the  change  in  the  magnetic  field  in  the  QHE. 
Then  it  is  plausible  to  consider  that  the  ratio 
FCr/FCT( TH)  is  a  measure  of  the  ratio  (number  of 
extended  states)/(total  number  of  states).  As 
shown  in  Table  1,  the  ratio  Fcr/Fcr( TH)  decreases 
with  increasing  magnetic  field.  This  behaviour  is 
reasonable  as  it  is  expected  that  the  smaller  the 
radius  of  the  Landau  orbit  the  stronger  the  local¬ 
ization  in  Landau  levels. 

As  Fontein  et  al.  [18]  observed,  enhancement 
of  the  Hall  field  near  the  edges  of  a  Hall  bar 
sample  should  take  breakdown  into  considera¬ 
tion.  The  electric  field  near  the  edge  Eedge(y)  is 
calculated  at  the  point  f  separated  from  the 
sample  edge  for  each  sample  by  using  Beenakker’s 
formula  [19]  as 

p> 

where  £  is  a  characteristic  length  g  =  il%/7ra*, 
a*  the  effective  Bohr  radius,  and  f  (nm)  =  21.0 
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Fig.  3.  Sample  edge  fields  FedgeO')  for  each  sample  at  the 
magnetic  fields  for  i  =  1,2,  and  4  calculated  by  Eq.  (3),  critical 
field  for  inter-Landau-level  transition  Fcr(TH)  and  experi¬ 
mental  critical  field  Fcr(w')  observed  at  7  =  0.5  K. 


S.  Kawaji  et  al. /Surface  Science  305  (1994)  161-165 


165 


X  ( i/B(T )).  Calculated  results  are  shown  in  Fig. 
3  with  experimental  results  and  calculated  critical 
fields  Fcr(TH)  for  the  inter-Landau-level  transi¬ 
tion.  The  calculated  edge  fields  are  larger  than 
Fcr(TH)  in  each  magnetic  field  and  strongly  de¬ 
pend  on  the  sample  width,  whereas  the  experi¬ 
mental  critical  fields  do  not  depend  on  the  sam¬ 
ple  width.  Further  studies  are  necessary  to  treat 
the  field  distribution  quantitatively. 

Recently,  Nikopoulos  and  Trugman  [20]  stud¬ 
ied  quantum  potential  scattering  from  abrupt 
scatterers  in  the  quantum  Hall  regime.  They  have 
shown  that  the  inter-Landau-level  tunneling  is 
strongly  enhanced  by  spatially  extended  scatter¬ 
ers.  Complex  quantum  scattering  which  they  stud¬ 
ied  is  another  possible  mechanism  of  the  break¬ 
down  of  the  QHE. 

In  conclusion,  we  have  observed  the  magnetic 
field  dependence  of  the  sample-width-dependent 
critical  breakdown  current  of  the  quantum  Hall 
effect,  and  found  that  the  results  can  be  ex¬ 
plained  in  terms  of  localization  in  Landau  levels 
without  edge-state  transport. 
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Abstract 

We  study  the  effects  of  electron-electron  interactions  on  the  ground  states  of  integral  and  fractional  quantum 
Hall  edge  states.  We  introduce  a  realistic  model  of  a  mesa-etched  sample  edge  and  solve  it  within  an  electrostatic 
approximation.  Applying  the  Hartree-Fock  approximation  to  integral  quantum  Hall  edge  states,  we  show  that,  in 
the  absence  of  Zeeman  splitting,  the  outermost  edge  state  undergoes  a  spontaneous  transition  between  spin-un- 
polarized  and  spin-polarized  ground  states  at  a  confining-potential-dependent  critical  value  of  the  bulk  filling  vcbulk. 
We  apply  these  general  results  to  our  model  of  mesa-etched  sample  edges  and  obtain  vcbulk  as  a  function  of  model 
parameters,  with  vcbulk  ~  4.  The  relatively  abrupt  appearance,  in  the  spin-polarized  state,  of  a  sizable  (about  a 
magnetic  length)  separation  between  edge  states  of  opposite  spin  should  make  this  transition  accessible  to  a  range  of 
magneto-transport  experiments.  For  a  2DEG  in  the  fractional  quantum  Hall  regime  we  use  our  electrostatic  model 
to  obtain  the  widths  of  the  fractional  quantum  Hall  strips  separating  the  conducting  edge  states  from  each  other  and 
from  the  conducting  bulk.  This  allows  us  to  estimate  the  quasi-particle  scattering  rate  and  the  corresponding 
equilibration  length  between  the  edge  states  and  the  bulk.  We  compare  these  estimates  with  measurements  of 
non-local  resistance. 


1.  Introduction 

Edge  states  in  the  integral  [1—3]  and  fractional 
[2-5]  quantum  Hall  regimes  have  been  the  sub¬ 
ject  of  intense  study  in  the  past  few  years  because 
of  their  importance  to  magnetotransport  in  a 
broad  range  of  mesoscopic  and  macroscopic  sys¬ 
tems.  Attention  has  increasingly  focussed  on  the 
effects  of  electron-electron  interactions  on 
edge-state  properties  [3-6],  To  understand  the 
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structure  of  the  ground  state  we  can  start  with  a 
particular  model  of  the  sample  edge  and  solve  for 
the  2DEG  density  profile  using  classical  electro¬ 
statics  [3,5].  As  long  as  electron  density  varies 
slowly  on  the  scale  of  magnetic  length  we  can 
describe  edge  states  as  wide  compressible  regions 
separated  by  relatively  narrow  quantum  Hall 
strips,  with  the  positions  and  the  widths  of  these 
strips  determined  by  the  electrostatic  density  pro¬ 
file  [3-5].  However,  when  the  electron  density 
varies  rapidly  on  the  scale  of  magnetic  length,  as 
may  be  the  case  for  the  outermost  edge  state, 
quantum  mechanics  has  to  be  included  more  sys¬ 
tematically.  In  particular,  for  IQHE  edge  states 
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we  can  use  the  Hartree-Fock  approximation, 
provided  we  treat  the  electron  spin  properly,  i.e. 
allow  each  spin  state  to  adjust  independently 
[7,8]. 


2.  Electrostatic  model 

We  consider  a  model  of  the  sample  edge  ap¬ 
propriate  for  a  mesa-etched  sample  (Fig.  1,  inset). 
The  surface  charge  ns(z )  (due  perhaps  to  the 
occupation  of  surface  states)  depletes  the  2DEG 
out  to  distance  WD  from  the  mesa  wall,  which  is 
usually  large  compared  to  magnetic  length,  WD  ~ 
3000-5000  A  [9].  Within  classical  electrostatics 
2DEG  acts  like  a  metal  half-plane  with  movable 
edge.  The  corresponding  two-dimensional  elec¬ 
trostatics  problem  can  be  solved  by  conformal 
mapping  [5].  For  any  localized  ns(z )  the  electron 
density  n(x)  will  approach  its  bulk  value  as 
n(x)/n0  ~  1  -  r](WD/x)3/2  at  large  distances  (x 
»  JTD).  Note  that  Chklovskii  et  al.  [3]  obtain  1/x 
power-law  healing,  instead  of  l/x3/2.  This  differ¬ 
ence  arises  from  the  fact  that  they  use  a  semi-in¬ 
finite  metal  electrode  to  confine  the  2DEG, 
whereas  we  use  a  surface  charge  confined  to  a 
finite  region  near  the  edge.  If  we  take  ns(z)  = 


Fig.  2.  Potential  and  density  profiles  for  a  wide  quantum  wire. 
The  bare  confining  potential  Vc  and  the  total  self-consistent 
potential  Vc  +  VH  are  shown  as  solid  lines,  and  the  electron 
density  as  a  broken  line. 


A5(z)  then  the  exact  solution  is  easily  obtained: 
A  =  2  n0OVWD)12  and 


nes(x)  = 


no 

7 T 


2  fi 

£  +  1  —  (l2 


+  tan  *(y H-p) 


+  tan  ‘(v'F  +  P)  , 


(1) 


where  W=  \[WD  +  (Wg  +  S2Y/2],  £  =  x/W,  and 
ft  =  S/2W  (Fig.  1).  Note  that  the  electron  density 
changes  slowly  on  the  scale  of  magnetic  length 
everywhere,  except  near  the  edge  (x  =  0),  where 
«es(*)  ~x1/2  and  the  density  gradient  becomes 
large. 


Fig.  1.  Electrostatic  density  profile  of  the  2D  EG  for  the  model 
shown  in  the  inset.  Inset:  model  of  mesa-etched  sample  edge, 
with  a  thin  donor  layer  at  distance  S  from  the  2DEG  and  the 
surface  charge  nfz)  on  the  mesa  wall,  depleting  the  2DEG 
out  to  distance  WD  from  the  wall. 


3.  Spin-polarizing  transition 

We  now  proceed  to  apply  the  Hartree-Fock 
approximation  to  integral  quantum  Hall  edge 
states  [7].  We  consider  a  wide  quantum  wire 
along  the  y-axis.  In  Landau  gauge,  A  —  Bxy,  the 
Hartree-Fock  single-particle  wavefunctions  are 
&(x,  y)  =  exp(-i Xy/l2)(f>%x(x\  where  /  is  the 
magnetic  length  and  <^>^(x)  is  an  eigenfunction 
of  the  Hamiltonian  H  =  H0  +  Vc(x)  +  VH(x)  + 
H°x  +  aez,  with  eigenvalue  Here  H0  = 

(p2  +  h2r4(x  -  X)2)/2m,  Vc(x)  is  the  bare  con¬ 
fining  potential  that  defines  the  wire,  and  KH(x) 
=  —2 e2f  dx'n(x')  log|  x  —  x'  |  is  the  Hartree  po¬ 
tential  (Fig.  2).  The  2DEG  density  is  n(x)  = 
where  v^X)  is  the  X-de- 
pendent  filling  factor  for  each  Landau  level  and 
spin  state.  Self-consistency  requires  that  v%(X)  = 
f(e„(X)),  where  /(e)  is  the  Fermi  function.  The 
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spin-dependent  terms  in  the  Hamiltonian  are  the 
exchange  operator  H"  and  the  Zeeman  splitting 
(with  ez  =  ^gjjLBB\  which  both  conserve  X. 

It  is  convenient  to  decompose  the  electron- 
charge  density  into  a  uniform  slab  of  density 
J'buik/2^2  and  residual  distributions  of  charge 
concentrated  near  each  edge  of  the  slab:  n(x)  = 
(^buik /2tt12)0(x  -x1)0(xr-x)  +  A nL(x)  + 
AnR(x),  where  0(x)  is  a  step  function,  and  x L R 
are  chosen  so  that  ArcL’R  have  each  zero  net 
charge.  We  can  not  divide  FH  into  a  term 
that  depends  only  on  A nL,  xL,  and  a  term  F^ 
that  depends  only  on  AnR,  xR.  We  lump  V ^ 
with  Fc  into  an  effective  confining  potential  Fceff 
=  Vc  4-  Kh,  which  is  nearly  independent  of  local 
rearrangements  of  charge  near  xR,  if  the  wire  is 
wide.  Our  approach  is  to  apply  Hartree-Fock, 
treating  Fceff  as  a  truly  fixed  confining  potential 
and  F^  as  the  effective  Hartree  potential. 

In  the  strong  field  limit,  where  we  can  ignore 
mixing  between  Landau  levels,  we  solve  the  case 
vhulk  =  2  explicitly.  We  shift  the  origin  to  xR  for 
notational  simplicity  and  consider  a  spin-polarized 
trial  state  with  integral  Landau  level  fillings: 
Vq(X;  AX)  =  0(-X- aAX/2).  The  single-par¬ 
ticle  energies  corresponding  to  the  trial  solution 
depend  on  spin  and  on  the  width  parameter  AX: 
e%(X',  AX)  =  ef(X)  +  eH(X;  AX)  +  e^fX; 
AX)  +  crez  -  the  sum  of  contributions  from  Fceff, 
Hartree  (F^X  exchange,  and  Zeeman  splitting, 
respectively.  A  very  hard  confining  potential  will 
dominate  electron-electron  interactions  and  our 
integer-filling  trial  state  (with  AX  =  0  for  €z  =  0) 
will  certainly  be  the  Hartree-Fock  ground  state. 
We  find  that,  as  the  confining  potential  is  soft¬ 
ened,  an  integer-filling  trial  state  of  the  form 
Pq(X;  AX)  still  satisfies  the  Hartree-Fock  equa¬ 
tions  and,  in  fact,  represents  a  true  local  mini¬ 
mum  in  the  full  space  of  Hartree-Fock  wavefunc- 
tions.  Eventually,  for  very  soft  confining  poten¬ 
tial,  the  integer  filling  state  gives  way  to  a  solu¬ 
tion  with  fractional  filling. 

Within  the  integer-filling  regime  we  can  find 
A  A*  that  renders  the  trial  solution  self-con¬ 
sistent  by  minimizing  the  energy  E( AX)  = 
LaXP^Uo  ~  +  eexX  numerically  for  any 

given  Fceff,  then  checking  for  self-consistency  by 
calculating  €q(X;  A  A)  explicitly  [10].  In  addition, 


Fig.  3.  Equilibrium  separation  AX*  of  edge  states  of  oppo¬ 
site  spin  as  a  function  of  slope  parameter  a  -  a1//(e2/e/), 
with  and  without  the  Zeeman  energy  appropriate  for  GaAs  at 
B  =  2  T  (solid  lines).  Broken  line  shows  the  Landau-theory 
approximation.  Inset:  self-consistent,  single-particle  energies 
el(X;  AX*)  for  a  =  0.2  <  ac  (solid  lines);  Fermi  level  (dashed 
line). 


we  can  gain  insight  by  expanding  e®ff(A)  = 
TJmamXm  and  writing 


E(  AX)  ~E{ 0)  + 


2t tI 


1  e 2 
4  el 


_  1  e" 
X(«-«c)  AX  + 


X(a3  +  p)  A*4+  ••• 


(2) 


an  expansion  in  powers  of  AX  =  AX/L  In  this 
expansion  a  =  all/(e2/el)  is  the  (scaled)  slope  of 
ef,  ac  =  0.404,  p  =  0.318,  and  a3  =  f l3a3/(e2/ 
el).  Eq.  (2)  has  the  form  of  Landau  free  energy 
for  a  second-order  phase  transition,  with  A  A  as 
the  order  parameter  and  ez  as  the  external  field. 
We  see  that  with  ez  =  0  there  is  a  spontaneous 
spin-polarizing  transition  when  a  is  reduced  be¬ 
low  ac.  The  exact  numerical  solution  for  A  A*  is 
shown  in  Fig.  3  for  the  case  e®ff  =  axX  and  is 
compared  with  the  approximate  result  A  X*/l  = 
[0/P)\ ol  -  ac\]l/20(a^~  a\  found  by  truncating 
the  series  (3)  after  AX4.  Note  that  the  Zeeman 
energy  smears  out  the  transition  in  the  region 
near  ac. 

In  Figs.  4a-4d  we  illustrate  the  evolution  of 
the  edge  states  as  the  parameter  a  is  reduced. 
For  a  >ac  the  edge  is  unpolarized  (taking  ez  = 
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0),  as  shown  in  Fig.  4a.  As  a  is  reduced  below  ac, 
the  electron  system  undergoes  a  second-order 
transition  to  the  spin-polarized  state  shown  in 
Fig.  4b.  As  ct  is  reduced  still  further  the  ground 
state  acquires  regions  with  fractional  filling,  as 
shown  in  Fig.  4c.  In  the  limit  of  very  soft  poten¬ 
tial,  the  Landau-level  filling  is  fractional  and  the 
screening  is  metallic  everywhere  except  for  an 
incompressible  region  at  v  =  1  due  to  the  ex¬ 
change  energy  gap  [3].  When  corrections  to 
Hartree-Fock  are  included,  the  filling  factor 
Pq(X)  will  no  longer  be  strictly  integral  even  for 
very  hard  confining  potentials,  but  a  Fermi  sur¬ 
face  (i.e.,  a  discontinuity  in  filling)  will  still  exist 
for  each  spin  state  [6],  and  the  limiting  cases  of 
an  unpolarized  ground  state  for  hard-wall  con¬ 
finement  and  a  polarized  ground  state  for  soft 
confinement  will  still  obtain.  Hence,  the  symme¬ 
try-breaking  transition  from  a  ground  state  where 
the  Fermi  surface  positions  for  the  two  spin  states 
coincide  to  one  where  they  are  split  should  per¬ 
sist  beyond  Hartree-Fock. 

To  make  contact  with  a  realistic  system  and 
bring  out  the  physics  of  the  spin-polarizing  transi¬ 
tion  we  now  apply  our  results  to  the  outermost 
edge  state,  using  the  mesa-etched  sample  edge 
model  of  Section  2.  We  fix  the  electronic  charge 
in  the  higher  Landau  levels  at  its  electrostatic 
density  nes(x)  and  allow  the  two  spin  states  in  the 
lowest  Landau  level  to  minimize  their  energy,  as 
discussed  above.  The  appropriate  effective  con- 
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Fig.  4.  Evolution  of  the  edge  states  as  the  effective  confining 
potential  is  softened,  (a)  Unpolarized  ground  state  for  steep 
confining  potential  (a  >  ac).  (b)  Spontaneously  polarized  inte¬ 
gral  filling  state  for  a  <ac.  (c)  Possible  ground  state  with 
regions  of  fractional  filling,  (d)  Ground  state  with  fractional 
filling  in  the  electrostatic  regime.  Shading  indicates  net  spin 
polarization. 


Fig.  5.  Solid  line  shows  critical  value  of  bulk  filling  factor 
as  a  function  of  WD/rQ,  where  WD  is  the  depletion  width 
and  r0  is  the  interparticle  spacing;  broken  line  shows  the 
value  of  v  bul]<  where  A  X  =  l.  Inset:  comparison  of  classical 
electrostatic  electron  density  (solid  line)  to  the  density  given 
by  our  approximation  (dashed  line),  with  parameters  ybulk  = 
3.2  and  WD/r0  =  25. 

fining  potential  Kceff  is  determined  by  the  deple¬ 
tion  width  WD  and  bulk  filling  vbulk.  The 
Hartree-Fock  ground  state  is  then  determined  by 
the  two-dimensionless  parameters  i/bulk  and  d  = 
WD/r0,  where  r0  —  (7 rn0)~1/2  is  the  interelectron 
spacing.  For  given  d,  there  is  a  critical  bulk  filling 
pchulk(d)  (>  2)  such  that  for  vhulk  >  t^uIk  the  low¬ 
est  Landau  level  is  spin-unpolarized,  while  for 
t/ bulk  <  ^  bulk  if  ^  spin-polarized,  with  A  A*  on 
the  order  of  the  magnetic  length  (Fig.  5). 

Within  this  model  the  spin-polarizing  transi¬ 
tion  may  be  understood  as  follows.  If  ^bulk  is 
large  then  the  region  with  0  <  2 7 rl2nes(x)  <  2  is  a 
narrow  strip  close  to  the  edge,  where  nes(x)  is 
steep.  The  quantum  solution  can  best  approxi¬ 
mate  the  electrostatic  density  by  choosing  an 
abrupt  drop  in  filling  from  2  to  0,  as  in  Fig.  4a, 
with  no  polarization  in  the  outermost  edge  state. 
If  vbulk  is  only  slightly  greater  than  2,  however, 
and  if  WD  » /,  then  the  region  with  0  < 
2Trl2nes(x)  <  2  is  wide  on  the  scale  of  /,  and  the 
quantum  solution  mimics  the  more  gradual  den¬ 
sity  profile  by  developing  a  spin-polarized  ground 
state,  as  in  Figs.  4b-4d.  Note  that  without  ex¬ 
change,  which  stabilizes  the  spin-polarized  inte¬ 
ger-filling  state  relative  to  states  with  fractional 
filling  (because  exchange  favors  completely  filled 
or  completely  empty  spin-split  Landau  levels),  the 
quantum  solution  would  achieve  a  gradual  den- 
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sity  profile  through  fractional  filling.  For  ^bulk  >  4, 
when  the  outermost  edge  state  is  typically  unpo¬ 
larized,  there  might  nevertheless  occur  a  sponta¬ 
neous  polarization  of  inner  edge  states,  as  these 
are  deeper  in  the  sample,  where  the  density  gra¬ 
dient  is  smaller. 

Since  a  sizable  spatial  separation  between  edge 
states  of  opposite  spin  appears  rather  abruptly 
when  the  lowest  Landau  level  becomes  spin- 
polarized,  and  since  ^bulk  can  be  varied  by  chang¬ 
ing  B ,  the  transition  should  be  detectable  in 
several  experiments.  In  measurements  of  equili¬ 
bration  between  opposite  spin  states  in  the  outer¬ 
most  edge  channel  [11],  for  example,  the  abrupt 
increase  in  separation  should  strongly  reduce  the 
scattering  rate  and  increase  the  equilibration 
length.  In  measurements  of  Aharonov-Bohm 
(AB)  oscillations  in  conductance,  both  in  quan¬ 
tum  dots  [12]  and  in  single-point  contacts  [13],  the 
spatial  separation  between  different  spin  states 
will  lead  to  different  AB  frequencies  and  to  beats 
in  the  AB  oscillations  as  a  function  of  magnetic 
field.  In  point  contacts  [2,14],  the  separation 
should  lead  to  spin-split  conductance  steps  that 
depend  on  the  perpendicular  and  not  the  in-plane 
component  of  B. 

4.  Structure  of  FQHE  edge  states 

The  model  defined  in  Section  2  can  also  be 
applied  to  fractional  edge  states  in  the  slowly 
varying  density  regime.  In  this  case  conducting 
channels  are  separated  by  a  quantum  Hall  strip 
when  the  Landau-level  filling  ves(x)  =  27 rl2n&s(x) 
reaches  vf=p/q,  i.e.  the  position  xf  of  the  strip 
is  given  by  i'es(*f)  =  vf.  One  approach  to  obtain¬ 
ing  the  width  di  of  this  strip  is  to  take  it  to  be 
incompressible,  with  potential  drop  across  the 
strip  given  by  qA ,  where  A  is  the  FQHE  energy 
gap  [3,4].  If  we  assume  the  rest  of  the  2DEG  to 
be  perfectly  screening,  then  the  problem  reduces 
to  one  of  classical  electrostatics.  Approximating 
nes(x)  by  a  linear  function  about  xf9  Chklovskii  et 
al.  [3]  obtain 

f  Tr2l(dnes/dx)x„X!’ 


where  y  =  A/(e2/el).  However,  in  the  presence 
of  disorder,  FQHE  liquid  will  have  non-zero 
compressibility  and,  at  low  temperatures,  the  bulk 
diagonal  conductivity  will  be  extremely  small  over 
some  range  of  fillings  \v  —  vf\<8vf.  Hence,  we 
can  obtain  an  alternative  estimate  of  df  by  as¬ 
suming  perfect  screening  for  all  fillings,  i.e.  ne¬ 
glecting  any  deviations  from  nes(x )  near  x{  and, 
by  analogy  with  bulk,  assuming  that  the  region 
given  by  \ves(x)  —  vf\<  8vf  *s  the  FQHE 
regime.  This  approach  gives  us 

df  =  \x(vf  +  8vf)  -x(vf- 8vf)  |,  (4) 

where  x{v)  is  the  inverse  of  ves(x)  and  ^bulk  >  vf 

+  8v{. 

At  low  temperatures,  equilibration  between 
conducting  channels  occurs  mainly  through 
quasi-particle  scattering  across  the  separating 
FQHE  strip.  In  Born  approximation  (neglecting 
multiple  scattering),  at  T=  0,  the  scattering  rate 
is  reduced  by  a  Gaussian  factor,  G(df)  = 
exp(-df/2/f),  where  lf  =  q1/2l  is  the  quasi-par¬ 
ticle  magnetic  length.  In  Fig.  6  we  plot  G~l  (on  a 
logarithmic  scale)  as  a  function  of  bulk  filling  for 
vf  =  j  and  vf  =  f,  using  representative  values  of 
the  parameters  8vf  and  y.  The  value  of  8vf  was 
estimated  from  the  bulk  axx  plot  of  Ref.  [15]  at 
T  =  20  mK.  Note  that  Eq.  (4)  gives  larger  df  than 
the  incompressible  strip  approximation  (Eq.  (3)). 
In  a  real  system  we  should  be  somewhere  be¬ 
tween  the  two  limits.  When  i/bulk  lies  between 
two  successive  FQHE  plateaus,  vt  <  i>bulk  <  vi-> 
the  bulk  itself  forms  a  (dissipative)  conducting 
channel.  As  ^bulk  approaches  vf  from  above  the 
v  =  vf,  the  FQHE  strip  becomes  wide  and,  in 
fact,  the  equilibration  length  between  the  edge 
states  and  the  bulk  (Leq)  should  become  macro- 
scopically  large  when  G~x  ~  104.  Non-local  resis¬ 
tance  measurements  by  Wang  and  Goldman  [15] 
show  that  Leq  indeed  becomes  comparable  to 
sample  size  in  the  interplateau  regions.  We  be¬ 
lieve  that  there  is  indication  of  a  transition  to 
macroscopic  Leq  caused  by  the  vf  =  j  strip  in  the 
data  for  one  of  the  edges  reported  in  Ref.  [15], 
and  that  the  same  data  suggests  bounds  on  a 
similar  transition  for  vi  =  f  [5].  (These  points  are 
shown  by  the  solid  square  and  solid  arrow  in  Fig. 
6.)  These  results  are  in  reasonable  agreement 
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Fig.  6.  Gaussian  enhancement  factor  for  the  edge  equilibra¬ 
tion  length  as  a  function  of  bulk  filling  for  vf  =  j  and  v{ 
=  f  FQHE  strips  for  parameters  WD  =  4000  A ,n0  =  8.74  X 1010 
cm-2,  8vf  =  0.017,  and  y  =  0.03  (logarithmic  scale).  Solid 
lines  give  the  disordered  sample  estimates  (Eq.  (4))  and  bro¬ 
ken  lines  the  incompressible  strip  estimates  (Eq.  (3)).  Above 
the  long-dashed  line  the  equilibration  length  Leq  is  macro- 
scopically  large.  Solid  square  indicates  a  transition  to  macro¬ 
scopic  Leq  inferred  from  the  non-local  resistance  measure¬ 
ments  of  Ref.  [15]  (v{  =  }),  and  the  arrow  indicates  the  lower 
bound  on  a  similar  transition  for  v{  —  §. 

with  our  estimates.  The  assumption  of  a  Gaussian 
suppression  of  the  scattering  rate  will  break  down 
at  large  values  of  df  due  to  one  or  another 
competing  process;  e.g.,  multiple  (virtual)  scatter¬ 
ing  processes  at  T—  0  [16],  or  variable  range 
hopping  at  T¥=0.  In  either  case,  the  enhance¬ 
ment  of  the  equilibration  length  will  increase 
more  slowly  as  a  function  of  df  than  an  inverse 
Gaussian.  This  would  then  decrease  the  steep¬ 
ness  of  the  curves  plotted  in  Fig.  6. 
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Abstract 

We  demonstrate  that  the  inter-edge-channel  scattering  of  a  two-dimensional  electron  gas  in  the  quantum  Hall 
regime  can  be  dramatically  suppressed  when  the  confining  potential  at  the  boundaries  of  the  sample  is  altered.  The 
confining  potential  is  changed  by  making  use  of  a  half-gated  GaAs/ AlGaAs  heterostructure.  This  results  in  a  large 
spatial  separation  of  the  respective  edge  channels.  We  use  an  interior  contact  to  detect  or  feed  the  separated  edge 
channels.  Due  to  the  large  spatial  separation,  it  is  shown  that  the  equilibration  length  becomes  arbitrarily  long,  even 
at  a  relatively  high  temperature  of  1.2  K. 


1.  Introduction 

The  Landauer-Biittiker  model  [1,2]  has  been 
very  succesfully  applied  to  explain  many  transport 
properties  of  a  two-dimensional  electron  gas 
(2DEG)  in  the  quantum  Hall  regime.  Within  this 
approach  the  edge  channels  which  are  formed  at 
the  boundaries  of  a  device  play  a  significant  role. 
These  edge  channels  arise  at  the  periphery  of  the 
sample  where  the  Landau  levels  bend  up  due  to 
the  confining  potential  and  intersect  the  Fermi 
level  [3].  In  equilibrium,  each  edge  channel  car¬ 
ries  an  equal  fraction  of  the  current  so  that  the 
total  current  is  simply  determined  by  the  total 
number  of  edge  channels,  i.e.  the  filling  factor. 
Selective  contact  can  be  made  to  the  outermost 
edge  channels,  i.e.  edge  channels  lying  closest  to 
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the  boundary  of  the  sample,  by  using  quantum 
point  contacts  [4]  or  contacts  with  a  cross-gate 
[5-7].  These,  and  other  experiments  reveal  many 
new  features,  such  as  the  lack  of  equilibration 
over  macroscopic  distances  [8]. 

In  this  paper  we  show  that  the  inter-edge-state 
scattering  can  be  totally  suppressed  when  the 
edge  channels  are  separated  sufficiently  far  from 
each  other.  This  separation  has  been  realized  by 
using  a  half-gated  device.  An  interior  contact  can 
be  used  to  directly  contact  the  innermost  edge 
channels.  The  coupling  with  the  innermost  edge 
channels  is  controlled  by  the  gate  voltage  con¬ 
trary  to  the  interior  contacts  used  in  literature  [9]. 


2.  Sample  and  setup 

The  structure  presented  in  this  work  has  been 
grown  by  molecular  beam  epitaxy  (MBE)  and 
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Fig.  1.  Top  view  of  the  sample  used  in  this  work.  The  gate  is 
indicated  by  the  hatched  area.  Contact  9  lies  on  the  inner 
edge  that  is  formed  by  the  groove  (dashed  line). 

contains  a  two-dimensional  electron  gas.  Starting 
from  the  semi-insulating  substrate,  a  4  jim  GaAs 
layer  is  grown,  followed  by  a  60  nm  undoped 
Alo.33Gao.67As  spacer  layer,  a  38  nm  doped 
(dopant  Si:  1.33  X  1018  cm”3)  Al0  33Ga067As 
layer,  and  finally  an  undoped  17  nm  thick  GaAs 
cap  layer.  By  making  use  of  photolithography 
techniques  and  subsequently  wet-etching,  a  Hall 
bar  is  defined  with  dimensions  5.4  X  2.0  mm2. 
Together  with  the  Hall  bar,  a  groove  (860  |xm 
long  and  30  jjum  wide)  is  etched  into  the  bulk  of 
the  sample,  as  shown  in  Fig.  1. 

Ohmic  contacts  to  the  2DEG  are  made  by 
lift-off  techniques  using  Ni/ AuGe/Ni/ Au  and 
annealing  at  450°C  for  60  s.  One  of  the  contacts 
(number  9)  is  defined  in  the  middle  of  the  Hall 
bar,  in  between  contacts  3  and  7,  and  is  con¬ 
nected  to  the  inner  edge  that  is  formed  by  the 
groove.  Finally,  the  Hall  bar  is  partly  covered  by  a 
semi-transparent  gate  (hatched  area  in  Fig.  1) 
with  dimensions  0.8  X  2.7  mm2.  All  experiments 
presented  here  have  been  carried  out  at  1.2  K  in 
magnetic  fields  up  to  7  T.  The  current  Itj  (100 
nA)  which  is  applied  is  sent  from  contact  i  to 
contact  j.  By  measuring  the  voltage  Vkl  across 
contact  k  and  contact  /,  we  can  define  a  resis¬ 
tance  Rij  fci  =  Vki/Iij .  Prior  to  the  experiments, 
the  sample  is  illuminated  to  increase  the  electron 
concentration  and  mobility.  Due  to  the  semi¬ 
transparent  character  of  the  gate,  the  electron 
concentration  underneath  the  gate  remains  some¬ 
what  lower  than  that  in  the  rest  of  the  sample. 
This  difference  in  electron  concentration  disap¬ 
pears  when  a  positive  gate  voltage  (~  100  mV)  is 


applied.  From  Hall  and  Shubnikov-de  Haas  mea¬ 
surements  we  derive  a  mobility  of  7.8  X 105 
cm2/V  •  s  and  an  electron  concentration  of  2.3  X 
1011  cm”2. 


3.  Experimental  results  and  interpretation 

In  Fig.  2  we  show  the  voltage  difference  Fs 
(current  flows  from  contact  1  to  contact  5)  be¬ 
tween  the  probes  7  and  8  as  a  function  of  the  gate 
voltage.  For  bulk  filling  factors  b  =  2  and  b  =  4, 
K78  remains  zero,  while  for  b  =  2\  and  b  =  4^,  a 
very  pronounced  structure  is  visible.  For  decreas¬ 
ing  gate  voltage,  2  and  4  minima  in  the  measure¬ 
ments  are  observed,  respectively.  These  minima 
correspond  to  an  integer  filling  factor  underneath 
the  gate.  Considering  the  b  =  2\  case,  we  see  that 
after  the  initial  vanishing  of  the  Shubnikov-de 
Haas  voltage,  the  signal  comes  up  again  when  the 
gate  filling  factor  (defined  as  g)  is  not  equal  to  an 
integer.  This  means  that  the  extended  states  un¬ 
derneath  the  gate  couple  with  the  bulk  energy 
states  outside  the  gated  region,  making  backscat- 
tering  of  the  electrons  possible.  At  a  gate  voltage 
of  approximately  -310  mV,  the  electron  gas  un¬ 
derneath  the  gate  is  totally  depleted  and  the 
voltage  probes  7  and  8  are  no  longer  electrically 
connected  with  the  rest  of  the  sample.  If  we 
adjust  the  magnetic  field  to  an  integer  bulk  filling 


Fig.  2.  Measurements  of  the  voltage  drop  between  contacts  7 
and  8  as  a  function  of  the  gate  voltage  for  four  bulk  filling 
factors. 
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factor,  the  voltages  measured  between  the  probes 
7  and  8  show  no  structure  at  all,  i.e.  remain  zero, 
when  the  gate  voltage  is  changed.  This  means 
that  even  in  the  case  where  the  gate  filling  factor 
is  not  an  integer,  no  resistance  is  measured.  This 
can  be  explained  by  the  fact  that  whole  area  of 
the  sample  outside  the  gate  region  has  an  integer 
filling  factor,  thus  making  backscattering  of  the 
electrons  impossible.  Further,  we  observe  from 
Fig.  2  that  also  when  the  gate  filling  factor  is 
equal  to  an  integer,  the  measured  voltage  V7S 
remains  zero.  This  can  be  understood  with  the 
help  of  Fig.  3,  where  a  cross  section  of  the  energy 
states  between  contacts  7  and  8  is  given.  In  this 
particular  example,  we  have  chosen  a  bulk  filling 
factor  b  =  2  and  a  gate  filling  factor  g  =  1.  One 
edge  channel  flows  along  the  outer  periphery  of 
the  sample  and  is  connected  to  contact  7  and 
contact  8.  The  other  one  follows  the  edge  of  the 
gate  and  is  electrically  connected  with  the  inte¬ 
rior  contact  9.  In  Fig.  3  it  is  clearly  seen  that  the 
edge  channels  are  significantly  separated  from 
one  another  and  interaction  between  the  respec¬ 
tive  edge  channels  is  impossible.  From  this  pic¬ 
ture  we  see  that  selective  contact  can  be  made  to 
the  innermost  edge  channel  by  means  of  contact 
9,  as  shown  schematically  in  Fig.  3.  In  order  to 
test  the  separation  of  edge  channels  experimen¬ 
tally,  we  can  use  the  interior  contact  9  as  a 


G 


©  ®  © 

Fig.  3.  The  effect  of  the  gate  (G)  on  the  energy  states  of  the 
electrons  in  a  magnetic  field.  In  this  case,  the  bulk  filling 
factor  b  =  2  and  the  gate  filling  factor  g  =  1.  From  the  picture 
it  is  clear  that  one  edge  channel  is  separated  by  a  macroscopic 
distance.  The  numbers  in  the  circles  indicate  the  positions  of 
the  contacts. 


VG  (mV) 

Fig.  4.  #29,19  in  units  °f  h/e2  as  a  function  of  VG  at  b  =  2 
and  b  =  4.  The  expected  fractions  of  h/e2  at  which  the 
resistance  is  quantized  are  indicated  along  the  right  vertical 
axis. 

current  injector.  Fig.  4  shows  the  results  in  case 
where  the  current  is  sent  from  contact  9  to  con¬ 
tact  2  and  the  voltage  is  measured  between  con¬ 
tacts  1  and  9  for  two  fixed  magnetic  fields.  We 
observe  that  the  three-terminal  resistance  goes  to 
infinity  when  the  filling  factors  of  the  bulk  and 
the  gate  are  both  equal  and  an  integer.  All  the 
edge  channels  flow  along  the  outer  boundary  of 
the  device  and  the  sample  acts  like  a  Corbino 
disc.  When  the  gate  voltage  is  lowered,  we  ob¬ 
serve  plateaus  in  the  resistance  according  to: 

h  I  1  1\ 

R29’19  =  72[jb^)~b}’  (1) 

when  the  gate  filling  factor  is  equal  to  an  integer. 

Measurements  of  R29  89  reveal  that  the  sepa¬ 
rated  edge  channels  do  not  interact  with  the 
remaining  edge  channels  underneath  the  gate.  If 
total  equilibration  takes  place  between  contact 
pair  7  and  8,  we  would  expect  to  measure  the 
quantized  resistances  given  by  Eq.  (1).  Since  the 
measured  resistances  (see  Fig.  5)  are  equal  to: 

^■89=?((^©y)’  (2) 

we  can  conclude  that  the  inter-edge-channel  scat¬ 
tering  between  contacts  7  and  8  is  totally  absent. 

In  conclusion,  we  show  that  in  the  quantized 
Hall  regime  the  voltage  difference  between  two 
contacts  on  the  same  side  of  the  sample  remains 
zero  when  a  part  of  the  sample  is  locally  brought 
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Fig.  5.  Measurement  of  R2 9,g9  versus  the  gate  voltage.  From 
this  experiment  we  can  derive  that  the  interaction  between 
the  separated  and  the  remaining  edge  channels  is  absent. 

to  another  filling  factor,  provided  that  the  elec¬ 
trons  can  not  backscatter  to  the  opposite  side  of 
the  sample.  The  half-gated  GaAs/Al033Ga067As 
heterostructure  gives  us  the  opportunity  to  sepa¬ 
rate  the  edge  channels  on  the  same  side  of  the 
sample  by  a  macroscopic  distance.  It  is  clear  that 
due  to  the  large  spatial  separation,  the  inter¬ 


edge-channel  scattering  is  totally  suppressed.  It  is 
obvious  that  in  this  case  the  meaning  of  the 
equilibrium  length  is  no  longer  well  defined. 
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Abstract 

We  discuss  the  behavior  of  junctions  between  two  coplanar  2D  electron  gases  with  different  densities  in  a 
perpendicular  applied  magnetic  field.  The  presence  of  energy  gaps  in  the  density  of  states  caused  by  Landau  level 
quantization  and  spin  splitting  leads  to  behavior  in  these  junctions  qualitatively  similar  to  what  is  observed  in  a 
semiconductor  p-n  junction.  We  will  emphasize  aspects  of  these  junctions  where  the  role  of  electron-electron 
interactions  are  important  in  understanding  their  properties. 


1.  Introduction 

While  the  physics  of  uniform  density  2D  sys¬ 
tems  has  been  thoroughly  studied,  the  properties 
of  their  boundaries  have  only  recently  received 
attention,  most  notably  in  connection  with  edge 
states  in  the  quantized  Hall  regime  [1].  Our  study 
of  2D  boundaries  has  focused  on  junctions  be¬ 
tween  two  coplanar  2D  gases  with  different  den¬ 
sities  in  an  applied  perpendicular  magnetic  field 
( B ).  The  allowed  energies  of  a  2D  system  in 
which  disorder  and  electron-electron  (e-e)  inter¬ 
actions  are  neglected  are  restricted  to  discrete 
levels  (Fig.  1).  If  the  Fermi  energy  ( EF )  lies  in 
different  energy  levels  in  two  adjoining  2D  sys¬ 
tems,  Ef  must  cross  between  the  two  levels  at 
their  boundary.  A  semiconductor  diode  is  created 
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when  Ef  crosses  between  the  valence  band  and 
the  conduction  band  at  the  junction.  A  “Landau 
level  diode”  is  formed  when  EF  crosses  between 
adjacent  Landau  levels  at  the  junction,  while  a 
“spin  diode”  is  created  when  EF  crosses  between 
adjacent  spin-split  levels. 

In  the  usual  analysis  of  a  semiconductor  diode, 
the  effects  of  e-e  interactions  (apart  from  screen¬ 
ing)  are  entirely  ignored  since  the  band  gap  is 
much  larger  than  the  exciton  binding  energy  (the 
relevant  energy  scale  for  e-e  interactions).  This 
simplification  is  not  valid  in  the  study  of  Landau 
level  diodes  and  spin  diodes  implemented  in 
GaAs,  since  the  exciton  binding  energy  is  compa¬ 
rable  to  the  Landau  level  spacing  -  and  greatly 
exceeds  the  Zeeman  splitting  -  at  typical  values 
of  B ;  consequently,  phenomena  not  observable  in 
semiconductor  diodes  can  be  expected  in  these 
novel  junctions.  Our  observations  of  spin  diodes 
lead  us  to  propose  that  a  new  ground  state  of  the 
spin  polarized  2D  electron  gas  (SP2DEG)  can 
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Fig.  1.  Density  of  states  as  a  function  of  energy  for  a  GaAs 
quantum  well  at  B  s  5  T.  If  EF  falls  between  energy  levels, 
the  elementary  neutral  excitations  are  a  bound  pair  of  an 
electron  in  the  higher  level  and  a  vacancy  in  the  lower  level. 
While  the  binding  energy  of  this  exciton  is  much  less  than  the 
band  gap  in  GaAs,  it  is  comparable  to  the  cyclotron  energy, 
and  greatly  exceeds  the  Zeeman  energy. 


can  be  approximated  from  the  calculations  of 
Chklovskii,  Shklovskii,  and  Glazman  [3]: 

2ed  AE 


where  AE  is  the  energy  gap,  d  is  the  separation 
between  the  top  gate  and  the  carriers,  and  An  is 
the  total  change  in  the  2D  carrier  density  across 
the  junction.  Their  result  is  valid  in  the  limit 
W<^d.  When  d  =  6000  A  and  An  =  1011  cm-2, 
we  obtain  W  =  700  A  for  a  Landau  level  diode  at 
B  =  3  T.  Because  of  the  importance  of  e-e  inter¬ 
actions  in  spin  diodes,  simply  using  the  Zeeman 
energy  to  estimate  W  would  be  inappropriate. 
We  expect  that  W  for  spin  diodes  is  comparable 
to  W  for  Landau  level  diodes. 


3.  Observations 


form  in  the  presence  of  an  electric  field  E .  Addi¬ 
tionally,  current-voltage  (I-V)  characteristics  of 
Landau  level  diodes  provide  evidence  for  conduc¬ 
tion  across  these  junctions  via  excitonic  states. 


I-V  characteristics  of  the  various  junctions  are 
plotted  in  Fig.  3.  Positive  V  corresponds  to  for¬ 
ward  bias  (when  the  applied  V  is  reducing  the 
equilibrium  E  at  the  junction).  For  the  2DEG- 
2DHG  junction  (Fig.  3a)  the  behavior  is  typical 


2.  Device  fabrication  and  properties 

The  devices  in  our  experiments  are  modula¬ 
tion  doped  GaAs/Al/ja^As  heterostructures 
in  which  a  top  gate  is  used  to  vary  the  density  in  a 
portion  of  the  structure.  Our  recent  devices  have 
used  a  self-aligned  technique  [2]  to  position  the 
gate  immediately  adjacent  to  one  of  the  two 
ohmic  contacts  (Fig.  2a).  This  technique  can  be 
extended  to  make  true  2D  p-n  junctions  by  using 
a  p-type  contact  self-aligned  to  the  gate  (Fig.  2b). 
Measurements  on  Landau  level  diodes  and  spin 
diodes  were  done  on  radially  symmetric  devices: 
an  annular  gate  lies  immediately  inside  an  exte¬ 
rior  contact,  and  surrounds  an  interior  contact. 
The  interior  edge  of  the  gate  defines  the  junction. 
The  circumference  of  the  junctions  is  typically  1 
mm. 

The  width  W  of  the  depletion  region  (or  in¬ 
compressible  region)  induced  in  our  structures 


Fig.  2.  (a)  Side  view  of  a  coplanar  2D  junction  implemented  in 
a  modulation  doped  GaAs/ALGa^As  heterostructure.  A 
gate  is  placed  over  a  portion  of  the  2DEG,  self-aligned  to  one 
of  the  contacts,  to  regulate  the  density  beneath  it.  A  junction 
forms  at  the  gate  edge  when  an  appropriate  bias  is  applied  to 
the  gate,  (b)  If  the  self-aligned  contact  is  p-type,  it  is  possible 
to  completely  deplete  the  electrons  under  the  gate  and  pull 
holes  in  from  the  p  contact,  forming  a  coplanar  2DEG-2DHG 
junction. 
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Fig.  3.  Experimental  I-V  characteristics  for  various  devices, 
(a)  coplanar  p-n  junction  at  B  =  0.  (b)  Landau  level  diode:  a 
junction  between  regions  of  v  =  3/2  and  v  =  5/2.  The  traces 
for  two  devices  with  different  gate-2DEG  separations  are 
shown  and  are  offset  for  clarity,  (c)  Spin  diode:  a  junction 
between  regions  of  v  =  3/4  and  v  =  5 /4.  V  is  slowly  swept  to 
obtain  this  trace. 


for  a  diode:  the  device  abruptly  begins  to  conduct 
when  the  forward  bias  V  exceeds  the  band  gap 
energy  of  1.5  eV.  Similar  behavior  can  be  seen  in 
the  Landau  level  diode  (Fig.  3b):  forward  bias 
conduction  begins  abruptly  when  V  approaches 
hcoc ;  however,  distinct  behavior  appears  in  these 
devices  if  the  gate-2DEG  separation  is  reduced 
from  6000  to  2000  A:  I  begins  to  flow  when  V  is 
significantly  below  ho)c.  As  V  is  raised  above  a 
point  approaching  ho)c  the  device  switches  to  a 
lower  I.  This  switching  behavior  is  reminiscent  of 
that  observed  in  double  barrier  resonant  tunnel¬ 
ing  structures  (DBRTS)  [4]. 

Perhaps  the  most  unusual  phenomena  occur¬ 
ring  in  coplanar  2D  junctions  are  seen  in  spin 
diodes  (Fig.  3c).  First,  I  flowing  across  a  junction 


at  a  given  V  is  time  dependent,  often  taking 
several  minutes  to  reach  a  steady  state  value.  We 
have  established  that  this  behavior  is  a  conse¬ 
quence  of  dynamic  polarization  of  nuclear  spins 
near  the  junction  when  I  is  flowing  [5,6].  If  V  is 
swept  slowly  enough  so  that  I  reaches  a  steady 
state,  the  I-V  in  reverse  bias  shows  a  complex 
sequence  of  steps  and  linear  regions.  These  steps 
gradually  disappear  as  the  temperature  is  raised 
[5]. 

4.  Spin  diode:  evidence  for  an  electric  field 
induced  phase  transition 

While  a  complete  explanation  for  the  structure 
seen  in  a  spin  diode  will  require  an  understand¬ 
ing  of  both  nuclear  and  electronic  behavior  in 
these  devices,  any  model  must  consider  the  effect 
of  a  uniform  E  on  a  SP2DEG,  since  the  deple¬ 
tion  region  at  the  junction  in  the  experiments  is 
at  v  =  1,  and  since  an  E  field  is  present  when  the 
diode  is  in  reverse  bias.  The  elementary  neutral 
excitations  of  a  SP2DEG  are  spin  excitons  [7], 
consisting  of  a  bound  pair  of  an  electron  in  the 
higher  spin  level  and  a  vacancy  or  hole  in  the 
lower  spin  level  (Fig.  4).  This  excitation  may  be 
pictured  classically  as  an  electron-hole  pair  sepa¬ 
rated  by  a  constant  distance,  propagating  at  a 
constant  velocity  in  a  direction  perpendicular  to 
the  line  connecting  them.  Quantum  mechanically, 
the  excitons  are  characterized  by  their  wavevector 
ky ,  and  have  an  electric  dipole  moment  Ax  = 
kyl where  lB  is  the  magnetic  length  [7]. 

The  dispersion  relation  for  spin  excitons  is 
plotted  as  the  top  curve  in  Fig.  4c.  When  ky  =  0, 
e-e  interactions  cannot  contribute  to  the  energy, 
and  the  energy  of  an  exciton  is  simply  the  Zee- 
man  energy,  gfiBB.  Since  large  ky  excitons  corre¬ 
spond  to  well  separated  electron-hole  pairs,  their 
energy  is  the  sum  of  gjiBB  and  the  exciton 
binding  energy,  which  greatly  exceeds  gfiBB  in 
GaAs.  The  ratio  U(ky  ->  <»)/C/(0)  =  20  that  is 
used  to  plot  Fig.  4c  is  a  value  derived  from 
activation  energies  of  a  SP2DEG  [8],  and  proba¬ 
bly  underestimates  the  true  value  in  GaAs.  No¬ 
tice  that  all  exciton  states  are  bound  since  a 
global  minimum  in  U(ky )  is  located  at  ky  =  0. 
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Fig.  4.  (a)  Lowest  Landau  level  wave  functions  for  electrons 
confined  in  the  x-y  plane  in  an  applied  perpendicular  B.  (b) 
Elementary  excitations  of  a  SP2DEG  consist  of  a  single  elec¬ 
tron  in  a  higher  spin  level  and  a  vacancy  in  the  lower  level,  (c) 
Energy  of  spin  excitons  as  a  function  of  ky.  When  Ex  4=  0,  a 
new  term  in  the  energy  appears,  proportional  to  the  electric 
dipole  moment  of  the  excitation.  When  Ex  =  £crit,  bound 
excitons  have  zero  energy  and  the  spin  polarized  ground  state 
is  unstable. 

When  EXJ=  0  a  new  term  in  the  exciton  energy 
appears  (bottom  trace,  Fig.  4c)  that  is  propor¬ 
tional  to  the  exciton  electric  dipole  moment 
and  to  ky.  For  Ex  exceeding  some  critical  field, 
Ecrit,  bound  excitonic  states  will  have  negative 
energy  with  respect  to  the  spin  polarized  ground 
state.  Electron-hole  pairs  will  then  scatter  into 
and  accumulate  in  these  states;  consequently,  the 
SP2DEG  ground  state  must  be  unstable  when 
EX  >  ^crif 

The  new  state  of  the  electrons  is  presumably  a 
coherent  superposition  of  spin  excitons:  i.e.  a  spin 
density  wave  with  an  antiferromagnetic  order  pa¬ 
rameter.  The  presence  of  this  new  order  parame¬ 
ter  and  its  interactions  with  the  nuclear  spins  in 
the  neighborhood  of  the  junction  may  account  for 
the  complex  behavior  observed  in  spin  diodes  in 
reverse  bias.  Further  investigation  is  obviously 
needed. 


5.  Landau  level  diode:  conduction  via 
magnetoexciton  states  at  the  junction 

We  hypothesize  that  the  neutral  excitations  of 
a  filled  Landau  level  are  responsible  for  the 
switching  behavior  seen  in  the  Landau  level  diode 
shown  in  Fig.  3b.  In  a  DBRTS,  switching  and 
negative  differential  resistance  are  attributable  to 
states  between  the  emitter  and  collector  (between 
the  double  barriers)  whose  occupation  can  alter 
the  voltage  drop  within  the  device  [4].  In  a  Lan¬ 
dau  level  diode,  there  are  states  between  adja¬ 
cent  Landau  levels  only  in  the  presence  of  e-e 
interactions.  In  Fig.  5,  the  dispersion  relation  for 
magnetoexcitons  at  v  =  2  is  plotted  [7].  As  is  the 
case  for  the  spin  excitons  discussed  above,  these 
excitations  have  an  electric  dipole  moment  pro¬ 
portional  to  k.  The  energy  of  the  k  —  0  exciton  is 
equal  to  hcoc ,  as  is  required  by  Kohn’s  theorem; 
however,  the  minimum  energy  excitation  occurs 
at  a  finite  k  and  has  an  electric  dipole  moment. 
Using  the  formulas  of  Ref.  [7],  this  energy  is 
approximately  1  meV  less  than  ha>c  for  the  con¬ 
ditions  relevant  to  our  experiment. 

Because  of  its  electric  dipole  moment,  this 
exciton  can  further  reduce  its  energy  in  the  pres- 


k^B 


Fig.  5.  (a)  Magnetoexciton  dispersion  curve  when  v  =  2.  At 
k  -  0  the  energy  is  ha)c.  Excitons  with  minimum  energy  have 
an  electric  dipole  moment,  (b)  Such  excitons  could  be  bound 
by  the  electric  field  at  the  diode  junction,  providing  a  pathway 
for  conduction  across  the  junction  when  the  applied  bias  is 
less  than  ha)c. 
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ence  of  an  electric  field;  consequently,  such  an 
excitation  can  be  bound  inside  the  depletion  re¬ 
gion  of  a  Landau  level  diode  (Fig.  5b).  We  hy¬ 
pothesize  that  these  states  are  responsible  for 
transport  across  the  depletion  region  when  eV  < 
ho)c.  As  the  external  bias  is  increased  towards 
ho)c ,  the  electric  field  within  the  depletion  region 
diminishes  until  excitonic  states  can  no  longer  be 
bound  there;  current  across  the  junction  then 
drops  abruptly,  as  is  seen  in  Fig.  3b.  We  believe 
that  conduction  via  excitonic  states  only  occurs  in 
the  junction  with  a  small  gate-2DEG  separation 
because  E  at  the  junction  is  larger,  reducing  the 
energy  of  exciton  states,  and  because  W  is  smaller, 
allowing  efficient  scattering  between  bound  exci- 
tons  and  free  carriers. 


6.  Conclusions 

While  it  might  seem  surprising  that  neutral 
excitations  play  an  important  role  in  electronic 
conduction  in  spin  diodes  and  Landau  level 
diodes,  their  electric  dipole  moment  can  con¬ 
tribute  to  important  effects.  Firstly,  we  believe 
that  a  new  electronic  ground  state  appears  in  a 


sufficiently  strong  E  field  in  a  2DEG  at  v  =  1 
and  manifests  itself  in  spin  diodes  in  reverse  bias. 
Secondly,  excitons  can  be  bound  by  the  E  field 
present  in  Landau  level  diodes,  introducing  a  new 
pathway  for  conduction  across  these  junctions. 
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Abstract 

Members  of  the  family  of  low-dimensional  organic  conductors  «-(BEDT-TTF)2MHg(SCN)4,  with  M  =  K,  Rb,  Tl, 
or  NH4,  have  a  Fermi  surface  (FS)  consisting  of  both  quasi-two-dimensional  (Q2D)  closed  hole  orbits  and 
quasi-one-dimensional  (Q1D)  open  orbits.  The  charge  transfer  salts  with  M  =  K,  Rb,  and  Tl  undergo  an  antiferro¬ 
magnetic  ordering  transition  at  about  10  K,  which  results  in  a  density  wave  ground  state.  We  have  performed 
magnetoresistance  (MR)  measurements  on  «-(BEDT-TTF)2RbHg(SCN)4  in  order  to  understand  details  of  the  FS, 
and  the  nature  of  the  interaction  of  the  FS  with  the  magnetic  ordering  in  this  material. 


1.  Introduction 

The  group  of  organic  conductors  designated  by 
a -(BEDT -TTF ) 2  MHg(S CN )4 ,  where  M  =  Rb  [1], 
K  [2],  Tl  [3],  or  NFI4  [4],  is  characterized  by 
low-dimensional  electron  transport.  Magnetore¬ 
sistance  (MR)  and  magnetization  are  influenced 
both  by  the  quasi-2D  closed  hole  orbits  and  the 
quasi-ID  open  electron  portions  of  the  Fermi 
surface  (FS).  Subtle  differences  in  the  band  struc¬ 
ture  of  these  charge-transfer  salts,  which  are  iso¬ 
mers  of  one  another,  have  a  dramatic  effect  on 
their  electronic  transport  properties.  The  mate¬ 
rial  with  M  =  NH4  is  a  low- temperature  (Tc  =  1.0 
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K)  superconductor;  the  others  have  density  wave 
ground  states.  We  have  studied  transport  in  the 
material  with  M  =  Rb  (“RbHg”  for  short),  at 
temperatures  down  to  100  mK  and  at  dc  magnetic 
fields  up  to  36.5  T.  An  antiferromagnetic  order¬ 
ing  is  observed  in  RbFIg  below  10.5  K.  At  tem¬ 
peratures  below  the  ordering  temperature,  there 
is  a  large  MR  contribution  from  the  open  orbits 
which  has  a  maximum  near  17  T.  At  higher 
magnetic  fields,  the  MR  background  drops  sharply 
at  a  characteristic  “kink”  field  HK.  Above  this 
field,  the  antiferromagnetic  ordering  is  destroyed, 
as  are  its  effects  on  the  FS.  Pulsed-field  data  [5] 
indicate  that  HK  ~  32  T  for  RbHg  at  low  temper¬ 
atures.  This  value  for  HK  is  confirmed  by  dc  field 
measurements  up  to  36.5  T  taken  in  the  Hybrid 
III  magnet  at  the  Francis  Bitter  National  Magnet 
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Laboratory.  We  have  also  studied  the  MR  of 
RbHg  under  pressures  up  to  12  kbar.  Pressure 
suppresses  the  magnetic  ordering,  reducing  the 
value  of  Hk  at  feed  temperatures.  Angular  mag¬ 
netoresistance  oscillations  (AMRO),  which  are 
seen  by  rotating  the  orientation  of  the  conducting 
planes  in  RbHg  at  a  fixed  field,  are  radically 
altered  by  the  magnetic  transition.  These  angular 
oscillations  measure  the  structure  of  both  the 
closed-orbit  and  open-orbit  FS. 


2.  Magnetic  ordering 

Evidence  for  the  magnetic  ordering  comes  from 
the  temperature  dependence  of  the  magnetic  sus¬ 
ceptibility,  which  shows  a  strong  diamagnetic  drop 
for  T  <  10  K  when  field  is  aligned  parallel  to  the 
conducting  planes,  but  only  a  weak  paramagnetic 
rise  for  field  oriented  perpendicular  to  the  con¬ 
ducting  planes  [6].  This  behavior  is  indicative  of 
antiferromagnetic  ordering  of  spins  in  the  con¬ 
ducting  plane.  Measurements  of  the  temperature 
dependent  resistance  show  a  shoulder  in  the 
monotonically  decreasing  resistance  which  also 
occurs  at  about  10  K  [7],  and  is  quite  field  sensi¬ 
tive  below  this  point.  This  resistance  shoulder 
signals  the  existence  of  a  density  wave  ground 
state.  This  ordering  can  be  destroyed  through  the 
application  of  magnetic  fields  of  32  T.  Fig.  1 
displays  the  high-field  MR  data  for  a  sample  at 
1.2  K. 

Several  features  are  noteworthy.  The  back¬ 
ground  magnetoresistance  rises  to  a  maximum 
near  17  T;  and  drops  sharply  at  the  so-called 
“kink”  field,  HK  =  32  T.  This  background  is  due 
to  the  conductance  contribution  of  the  open-orbit 
FS.  Superimposed  on  this  MR  background  is  a 
single  frequency  series  of  Shubnikov-de  Haas 
(SdH)  oscillations,  which  arise  from  the  closed- 
orbit  FS.  The  location  of  the  kink  field  is  hys- 
teretic,  being  approximately  2  T  higher  on  the 
upsweep  than  on  the  downsweep.  (The  apparent 
slight  hysteresis  in  the  phase  of  the  Shubnikov-de 
Haas  oscillations  is  an  artifact,  and  arises  from 
the  long  lock-in  amplifier  time  constant  (3  s) 
compared  to  the  rapid  sweep  of  the  resistive 
magnet  (20  min  to  full  field),  giving  a  shift  of 


H  (T) 


Fig.  1.  Magnetoresistance  of  a-(BEDT-TTF)2RbHg(SCN)4  at 
T  =  1.2  K. 


~  0.1  T  between  up  and  down  sweeps.)  The 
harmonic  content  of  the  SdH  oscillations  is  sensi¬ 
tive  to  the  magnetic  phase  of  the  material;  second 
and  third  harmonics  can  be  seen  in  Fig.  1  above 

hk. 

The  background  MR  for  RbHg  is  a  hallmark 
of  the  density  wave  ground  state.  The  detailed 
effect  of  this  ground  state  on  the  FS  is  not  yet 
resolved,  but  we  speculate  that  the  AFM  order¬ 
ing  causes  nesting  of  the  open  orbits.  The  open- 
orbit  nesting  can  be  lifted  with  temperature  above 
10.5  K,  with  the  application  of  fields  above  the 
kink  field  //K,  or  with  pressures  of  8  kbar.  Sensi¬ 
tive  measurements  of  the  SdH  oscillations  using 
field  modulation  techniques  show  the  presence  of 
high  frequency  components  whose  corresponding 
area  is  similar  to  that  of  the  first  Brillouin  zone, 
which  indicates  the  occurrence  of  magnetic 
breakdown  above  10  T  [8]. 

We  can  use  the  temperature  dependence  of 
the  kink  field  to  map  out  a  phase  diagram  for 
RbHg,  as  shown  in  Fig.  2.  Above  10.5  K  at  low 
fields,  the  sample  is  in  a  normal  metallic  state. 
Cooling  below  this  point  results  in  antiferromag¬ 
netic  ordering  and  a  density  wave  ground  state. 
Application  of  high  fields  at  low  temperatures 
breaks  the  AFM  order  and  returns  the  sample  to 
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Fig.  2.  Magnetic  phase  diagram  of  RbHg,  showing  HK(T). 


a  normal  metallic  state.  At  the  lowest  tempera¬ 
tures,  where  the  kink  field  is  hysteretic,  there 
may  exist  a  new  high  field  ferromagnetic  phase 
[9].  Magnetization  measurements  in  the  KHg  sis¬ 
ter  compound  show  similar  kink  field  and  hys¬ 
teretic  behavior  [2]. 


3.  Pressure  dependence 

We  have  applied  hydrostatic  pressures  up  to 
12  kbar  to  members  of  the  a-(BEDT- 
TTF)2MHg(SCN)4  family  in  order  to  study  the 
effects  of  altering  the  Fermi  surface.  The  mem¬ 
bers  of  this  family  of  organic  conductors  have 
remarkably  different  properties,  due  to  only  small 
variations  in  the  anion  composition.  Pressure  de¬ 
pendence  studies  allow  the  experimenter  to  alter 
the  Fermi  surface  of  the  material  under  study 
and  to  thereby  uncover  a  variety  of  conducting 
states  in  a  single  sample.  These  materials  are 
layered,  consisting  of  conducting  (BEDT-TTF)2 
donor  molecule  sheets  and  anion  MHg(SCN)4 
sheets  oriented  on  the  triclinic  a-c  plane,  and 
alternating  along  the  b  axis.  The  RbHg  material 
has  the  largest  unit  cell  in  this  group.  High  pres¬ 
sures  were  achieved  hydrostatically  by  using  stan¬ 


dard  Be-Cu  pressure  cell  techniques  with  an 
inert  fluid  [10]. 

Fig.  3  displays  magnetoresistance  traces  of  a 
single  RbHg  sample  at  pressures  ranging  from  0 
to  12  kbar;  all  data  are  taken  at  T  =  120  mK.  The 
MR  maximum  moves  to  lower  fields  with  increas¬ 
ing  pressure,  which  is  indicative  of  suppression  of 
the  magnetic  phase.  By  8  kbar,  all  evidence  for  a 
kink-field  behavior  in  the  MR  is  removed.  In  Fig. 
4  (top),  the  SdH  oscillations  at  the  various  pres¬ 
sures  are  shown.  Although  the  harmonic  content 
of  these  oscillations  is  quite  sensitive  to  pressure, 
there  is  not  a  perfect  correlation  between  the 
destruction  of  the  harmonic  content  (which  oc¬ 
curs  by  4  kbar)  and  the  removal  of  the  magnetic 
ordering  (which  requires  more  than  6  kbar).  Fig. 
4  (bottom)  shows  the  linear  variation  of  SdH 
frequency  with  pressure.  The  removal  of  har¬ 
monic  content  with  pressure,  which  also  returns 
this  material  to  the  normal  state,  contrasts  with 
the  appearance  of  strong  harmonic  content  in  the 


Fig.  3.  Pressure  dependence  of  the  magnetoresistance  for 
RbHg,  T  =  120  mK;  note  the  disappearance  of  the  kink  field 
feature  and  MR  maximum  by  8  kbar. 
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Fig.  4.  Pressure  dependence  of  the  SdH  oscillations  (top)  and 
SdH  frequency  (bottom). 


SdH  oscillations  for  H>HK.  This  contradictory 
behavior,  and  the  lack  of  change  in  the  slope  of 
the  SdH  frequency  in  Fig.  4  (bottom)  as  the 
material  passes  from  the  density  wave  to  the 
normal  states,  indicates  that  the  effect  of  mag¬ 
netic  ordering  on  the  closed-orbit  FS  is  but  inci¬ 
dental.  The  predominant  effect  of  magnetic  or¬ 
dering  is  on  the  open  orbits. 

The  SdH  oscillations  result  from  the  closed- 
orbit  FS.  The  fundamental  frequency  of  638  T  at 
ambient  pressure  corresponds  to  an  extremal  FS 
area  S(P  =  0)  of  15.5%  of  the  first  Brillouin  zone 
(BZ).  This  area  increases  with  pressure  as 
[dS(P)/dP]/S(Q)  =  2%/kbar.  This  pressure  de¬ 
pendence  is  similar  to  that  seen  in  the  KHg  and 
NH4Hg  compounds.  The  effective  mass  for  this 
material  is  m*  =  [1.5  +  0.2]  rae,  independent  of 
pressure.  The  consequences  of  applying  pressure 
to  RbHg  as  seen  by  the  closed  orbits  is  to  expand 


the  first  BZ,  and  thus  the  FS  topology,  changing 
the  band  energy  by  about  5  meV /kbar. 


4.  Angular  magnetoresistance  oscillations 

Further  information  about  the  FS  in  RbHg  has 
been  obtained  by  studying  angular  magnetoresis¬ 
tance  (AMR)  oscillations.  Resistance  is  measured 
at  fixed  magnetic  field  as  a  function  of  the  angle 
(j>  measured  perpendicular  to  the  conducting  a-c 
planes.  The  AMR  appears  as  oscillations  with 
sharp  minima  below  the  antiferromagnetic  order¬ 
ing  temperature.  The  period  of  these  oscillations 
is  anisotropic  with  respect  to  the  plane  of  rota¬ 
tion  cutting  through  the  conducting  layers.  AMR 
in  the  Q2D  organic  conductors  (BEDT-TTF)2X 
(X  is  a  charge  transfer  anion)  [11]  show  sharp 
periodic  maxima.  The  origin  of  these  oscillations 
was  explained  by  Yamaji  as  coming  from  the 
slight  warping  of  the  Q2D  FS  [12].  At  special 
angles  the  dispersion  along  the  cylindrical  FS  axis 
is  removed,  and  a  pure  2D  FS  arises,  resulting  in 
periodic  resistance  peaks.  In  contrast,  the  family 
of  organic  conductors  a-(BEDT-TTF)2MHg 
(SCN)4  have  AMR  with  minima.  Possible  expla¬ 
nations  for  these  minima  are  an  anomalous  Ya¬ 
maji  effect  [13],  or  an  effect  arising  from  the  Q1D 
FS  [3]. 

The  FS  of  a-(BEDT-TTF)2RbHg(SCN)4  con¬ 
sists  of  a  weakly  warped  Q2D  cylinder  along  the 
Kb  direction,  and  a  pair  of  weakly  warped  paral¬ 
lel  open-orbit  sheets  along  the  Kc  direction  that 
result  in  Q1D  conduction  along  the  Ka  axis  [14]. 
The  angle  of  H  with  respect  to  the  b*  axis  (_L 
a-c  plane)  is  <f>;  the  angle  of  the  plane  that  <f> 
cuts  through  the  a-c  plane  is  6 ,  with  0°  being 
along  the  c  axis.  Fig.  5  shows  results  for  <f>  sweeps 
taken  at  various  angles  6  between  0°  and  90°. 
Minima  periodic  in  tan  <f>  are  observed  superim¬ 
posed  on  a  cos  <j>  background.  This  differs  from 
the  Yamaji  type  AMR,  where  a  concave-up  back¬ 
ground  is  observed.  As  pointed  out  by  Kartsovnik 
[3],  the  period  of  the  oscillations  in  cj>  is  propor¬ 
tional  to  1/cos  <f>.  If  we  use  the  Yamaji  model  to 
explain  the  oscillations,  we  get  a  ratio  of  Kc/Ka 
>8,  disagreeing  with  the  calculated  FS.  This 
dependence  would,  however,  be  expected  for  an 
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open  FS  oriented  perpendicular  to  the  a  axis. 
AMR  oscillations  have  been  observed  in  Q1D 
organic  conductors  [15],  occurring  at  commensu¬ 
rate  angles  given  by: 

pKb 

tan  (j>  =  cot  a  H — — — : - ,  (1) 

qKc  sin  a 

where  a  is  the  angle  between  the  b  and  c  axis, 
and  p  and  q  are  integers.  Our  results  compare 
favorably  with  this  formula  for  ratios  of  p/q  —  0, 
±2,  +  4,  etc.  The  anisotropy  of  the  tan  cf)  period, 
commensurate  formula  fit,  and  background  AMR 
point  towards  a  Q1D  effect. 

Fig.  6  shows  the  temperature  dependence  for 
the  AMRO  at  fixed  field  and  6  orientation,  from 
0.5  to  16  K.  Below  the  phase  transition,  the 
positions  of  the  minima  are  field  and  tempera¬ 
ture  dependent.  Above  the  transition,  the  nature 
of  the  AMR  changes  dramatically;  the  oscilla¬ 
tions  have  vanished  and  the  cos  <f>  background 
changes  to  concave-up.  This  background  is  simi¬ 
lar  to  that  found  in  Yamaji  type  materials  having 
only  a  Q2D  FS. 

We  can  now  begin  to  develop  a  picture  of  the 
mechanisms  underlying  the  anomalous  AMR  in 
these  materials.  The  conductivity  can  be  sepa¬ 
rated  into  open-  and  closed-orbit  contributions, 


Fig.  5.  Angular  magnetoresistance  oscillations  (AMRO)  taken 
at  T  =  0.45  K  for  various  values  of  6. 


Angle  (°) 

Fig.  6.  Temperature  dependence  of  the  AMR  oscillations  for 
RbHg. 


a  =  a0  +  ac.  Above  the  phase  transition,  the  open 
FS  conductivity  is  much  higher  than  the  closed 
FS;  hence  we  see  the  concave-up  dependence  in 
the  MR  that  is  seen  in  the  purely  Q2D  materials. 
Below  the  phase  transition,  the  open  FS  nests, 
causing  an  insulating  gap.  The  open  FS  conduc¬ 
tivity  drops  well  below  that  of  the  closed  FS  and 
the  gap  increases  as  temperature  is  lowered.  The 
open  FS  magnetoresistance  dominates  and  at 
some  commensurate  angles  is  removed  or  greatly 
reduced.  Further  work  in  these  materials  should 
elucidate  the  detailed  behavior  of  the  open-orbit 
FS  and  its  interaction  with  the  magnetic  phase  of 
the  system. 
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Abstract 

We  report  extensive  magnetoresistance  (MR)  measurements  on  the  charge  transfer  salts  /3"-(ET)2AuBr2  and 
a-(ET)2KHg(SCN)4.  Our  results  indicate  that  spin-density  wave  (SDW)  groundstates  in  both  of  these  materials 
modify  the  Fermi  surfaces  calculated  from  room  temperature  crystal  parameters.  In  the  case  of  /3"-(ET)2AuBr2,  the 
shapes,  sizes  and  orientations  of  three  individual  closed  two-dimensional  (2D)  Fermi  surface  pockets  have  been 
deduced  at  500  mK.  The  SDW  groundstate  in  a-(ET)2KHg(SCN)4  leads  to  the  observation  of  a  resistive  “kink” 
transition  at  ~  22  T.  MR  measurements  made  as  a  function  of  crystal  orientation  and  temperature  both  above  and 
below  this  “kink”,  allow  a  qualitative  assessment  of  the  change  in  band  structure  at  the  “kink”  to  be  made. 


1.  Introduction 

Many  ET  charge  transfer  salts  have  a  Fermi 
surface  (FS)  consisting  of  a  quasi-two  dimen¬ 
sional  (Q2D)  hole  pocket,  plus  a  Q1D  electron 
section.  The  Q2D  holes  tend  to  dominate  the  low 
temperature  conductivity  of  the  salts,  so  that  phe¬ 
nomena  due  to  the  Q1D  electrons,  such  as  spin- 
density  wave  (SDW)  formation  (seen  in,  e.g. 
TMTSF  charge-transfer  salts,  where  the  SDW 
leads  to  antiferromagnetic  behaviour  and  a  band- 
gap  at  the  FS  resulting  in  a  metal-insulator  tran¬ 
sition),  have  been  ignored  by  many  workers.  In 
this  study,  we  report  extensive  magnetoresistance 
(MR)  measurements  on  two  metallic  ET  charge 
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transfer  salts,  j8"-(ET)2AuBr2  and  a-(ET)2KHg 
(SCN)4,  both  of  which  exhibit  low  temperature 
SDW  groundstates;  the  experiments  show  that 
the  SDW  leads  to  a  modification  of  the  simple 
Fermi  surfaces  deduced  from  band  structure  cal¬ 
culations. 


2.  Measurements  on  )3"-(ET)2AuBr2 

The  ET  molecules  in  jS"-(ET)2AuBr2  stack 
along  the  a  crystal  axis,  forming  conducting  2D 
sheets  parallel  to  the  ac  plane,  separated  in  the  b 
direction  by  layers  of  linear  AuBr^"  anions  (see 
Ref.  [1]  and  Fig,  3  below  for  definition  of  crystal 
axes).  The  p"  phase  results  in  strong  interactions 
between  molecules  in  different  stacks,  so  that 
£"-(ET)2AuBr2  is  less  isotropic  than  many  other 
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Magnetic  Field  (T) 


Fig.  1.  (a)  Magnetoresistance  of  /3"-(ET)2AuBr2  for  B\\b* 
(upper  trace)  and  for  B  tilted  30°  from  b*  about  a'  towards  c 
(lower  trace),  (b)  The  oscillatory  component  of  the  magne¬ 
toresistance  for  the  lower  trace  in  (a),  (c)  Fourier  transform  of 
(b).  In  all  cases  T  =  0.5  K. 


metallic  ET  salts.  Reliable  calculations  of  the 
transfer  integrals  and  band  structure  have  not  yet 
been  established,  and  those  estimated  by  differ¬ 
ent  groups  disagree  [2,3].  Evidence  for  a  complex 
low  temperature  SDW  groundstate  is  observed  in 
the  resistance,  which  drops  sharply  at  ~  20  K, 
and  from  ESR  measurements,  which  reveal  a 
change  in  g-value  at  ~  6  K  [1]. 

Fig.  la  shows  the  MR  of  /3"-(ET)2AuBr2  for 
two  different  angles  between  the  magnetic  field 
and  the  normal  to  the  2D  conducting  planes 
( b *);  the  MR  is  seen  to  depend  strongly  on  the 
field  direction.  Fig.  lb  shows  the  oscillatory  com¬ 
ponent  of  the  MR;  Shubnikov-de  Haas  oscilla¬ 
tions  (SdHO)  of  several  different  frequencies  are 
present.  Fourier  analysis  (Fig.  lc)  reveals  four 
strong  frequencies  (40,  140,  180  and  220  T),  to¬ 
gether  with  different  harmonic  combinations.  To 
progress  further,  it  is  necessary  to  identity  which 
frequencies  correspond  to  actual  carrier  pockets, 
and  which  are  merely  an  artefact  of  frequency 
mixing,  or  a  result  of  crystal  twinning.  The  latter 
possibility  may  be  ruled  out,  as  the  frequencies  of 
all  the  SdHO  are  inversely  proportional  to  the 
cosine  of  the  angle  between  the  magnetic  field 


and  b  *  for  all  field  orientations.  The  mechanism 
responsible  for  frequency  mixing  is  indicated  by 
the  strong  hysteresis  in  magnitude  and  in  the 
phase  of  the  SdHO  between  up  and  down  sweeps 
of  the  magnetic  field  which  is  observed  below  1  K 
when  the  field  is  parallel  to  b*  [4].  This  is  indica¬ 
tive  of  strong  internal  magnetic  fields  leading  to 
domain  formation.  In  view  of  this,  effects  due  to 
the  Shoenberg  magnetic  interaction  (MI)  [5]  be¬ 
tween  two  or  more  carrier  pockets  must  be  con¬ 
sidered.  These  introduce  a  magnetic  feedback 
term  due  to  the  fact  that  the  field  experienced  by 
the  carriers  is  B  =  +  M),  where  H  is  the 

external  applied  field  and  M  is  the  magnetisation 
containing  the  oscillatory  (de  Haas-van  Alphen) 
components.  This  is  thought  to  be  the  first  obser¬ 
vation  of  such  an  effect  in  an  organic  conductor 
[61 

The  observed  SdHO  may  be  partly  simulated 
using  two  Fermi  surface  (FS)  pockets  with  areas 
corresponding  to  frequencies  BF1  —  40  T  and  BF2 
=  180  T  and  combinations  such  as  BF2  ±  BFl  and 
2  X  Bf2  ±Bfi.  Simulations  using  the  MI  between 
the  BFl  and  BF2  series  are  successful  in  account¬ 
ing  for  the  sidebands  at  180  ±  40  T  and  360  ±  40  T 
(Fig.  lc),  as  well  as  the  disappearance  of  the  180 
T  series  under  certain  conditions,  but  cannot 
reproduce  the  dominance  of  the  40  T  and  the 
220  T  frequencies  over  the  180  T  SdHO  at  higher 
tilt  angles  [6].  At  large  angles,  the  only  surviving 
second  harmonic  observed  corresponds  to  the 
220  T  frequency.  Therefore,  this  frequency  (J9F3) 
must  also  correspond  to  a  real  carrier  pocket  and 
is  not  merely  an  artefact  of  mixing. 

Having  established  that  the  SdHO  frequencies 
Bf1  =  40  T,  BF2  =  180  T  and  BF3  =  220  T  corre¬ 
spond  to  real  closed  2D  sections  of  FS,  we  turn  to 
the  angle  dependence  of  the  SdHO  amplitudes. 
Fig.  2  shows  an  example  of  this  for  BFl,  BF2  and 
BF3  as  the  sample  is  rotated  about  the  w  and  v 
axes;  strong  oscillations  in  the  amplitude  are  seen 
as  a  function  of  tilt  angle.  Rotations  about  the  a' 
and  c  axes  also  reveal  oscillations  in  the  SdHO 
amplitudes.  These  angle-dependent  oscillations 
in  SdHO  strength  are  due  to  a  mechanism  first 
proposed  by  Yamaji  [7],  who  showed  that  when  a 
magnetic  field  is  applied  at  certain  angles,  all  the 
semi-classical  fc-space  closed  orbits  around  a 
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Fig.  2.  Fourier  amplitudes  of  the  three  series  of  SdHO  corre¬ 
sponding  to  real  2D  FS  carrier  pockets,  for  tilting  about  the  w 
and  v  directions  (T  =  0.5  K). 


warped  cylindrical  FS  have  approximately  the 
same  area.  Therefore,  at  these  angles,  the  density 
of  states  at  the  Fermi  energy  is  enhanced,  result¬ 
ing  in  a  maximum  in  the  background  MR,  and  in 
the  amplitude  of  the  SdHO.  The  theory  was 


developed  by  Kartsovnik  et  al.  [8],  who  consid¬ 
ered  materials  in  which  the  plane  of  warping  can 
be  inclined  with  respect  to  the  conducting  plane. 
The  tilt  angles  0  at  which  the  maxima  occur  are 
given  by  fcfcjtan  0|  =  jr{i  -  where  b  is 

the  interplane  spacing,  is  the  radius  of  the 
warped  cylindrical  Fermi  surface  at  a  point  where 
the  tangent  to  the  surface  is  perpendicular  to  the 
plane  of  rotation  of  the  magnetic  field,  i  is  an 
integer  and  4>  is  the  azimuthal  angle  describing 
the  plane  of  rotation  of  the  field.  The  gradient  of 
a  plot  of  |  tan  6  |  against  i  may  therefore  be  used 
to  find  one  of  the  dimensions  of  the  FS,  and  if 
the  process  is  repeated  for  several  <fi,  the  com¬ 
plete  FS  shape  in  the  conducting  plane  may  be 
mapped  out.  is  determined  by  the  inclina¬ 

tion  of  the  plane  of  warping  with  respect  to  the 
2D  plane,  and  will  not  be  discussed  here.) 

Having  rotated  samples  about  various  axes  in 
the  ac  plane  (a,  c,  a',  c v  and  w\  the  SdHO 
amplitudes  of  each  pocket  are  then  plotted  against 
tan  0,  where  6  is  the  angle  between  the  magnetic 
field  and  £*.  From  these  data,  the  shape  of  the 
2D  FS  pockets  can  be  reconstructed  (see  Figs. 
3c-3e),  and,  since  the  areas  of  the  pockets  are 
known  from  the  SdHO  frequencies,  the  unit  cell 
size  in  the  interplane  direction  can  be  estimated. 
In  most  cases,  only  a  couple  of  oscillation  periods 
in  tan  6  are  observed,  as  the  resolution  of  the 
data  does  not  permit  more  rapid  oscillations  to 
be  resolved.  It  should  be  noted  that  the  observa¬ 
tion  of  these  “Yamaji”  oscillations  in  /3"- 
(ET)2AuBr2  is  not  necessarily  expected  since  the 


Fig,  3.  (a)  shows  the  room  temperature  Brillouin  zone  and  FS  for  /3"-(ET)2AuBr2  calculated  by  Mori  et  al.  [2].  (b)  Proposed  low 
temperature  FS,  with  two  extra  closed  FS  pockets  produced  by  a  2  c  SDW.  (c),  (d)  and  (e)  show  the  shapes  (thin  lines  show  worst 
case)  of  the  different  FS  pockets,  deduced  from  rotations  about  6  crystal  axes. 
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carrier  pockets  are  very  small.  However,  from  the 
data,  it  is  apparent  that  the  Brillouin  zone  (BZ) 
boundary  in  the  interplane  direction  is  2-3  times 
smaller  than  the  room  temperature  value  (i.e.  the 
unit  cell  is  2-3  times  longer  in  this  direction).  In 
theory,  this  should  not  alter  the  SdHO  spectra 
significantly,  as  long  as  the  interplane  warping 
remains  small.  This  suggests  that  there  is  some 
interplane  component  in  the  SDW  ordering. 

The  shapes  of  the  FS  pockets  deduced  from 
the  angle-dependent  oscillations  in  the  SdHO  are 
shown  in  Figs.  3c-3e.  The  calculated  FS  that 
most  resembles  the  SdHO  data  on  fi"-(ET)2 
AuBr2,  is  due  to  Mori,  and  has  just  one  closed 
hole  pocket  of  ~  5%  of  the  room  temperature 
BZ  area  centred  on  the  X  point,  together  with  a 
pair  of  open  sections  [2]  (Fig.  3a).  Although  the 
closed  section  is  a  factor  of  2  too  large  to  corre¬ 
spond  to  the  BF2  SdHO  series,  it  should  be 
remembered  that  this  is  close  to  the  top  of  the 
hole  band,  so  that  small  adjustments  of,  e.g.,  the 
band  overlaps  could  result  in  a  large  reduction  in 
pocket  area.  However,  the  FS  calculation  has  no 
obvious  candidate  for  the  BFl  and  BF3  series.  In 
view  of  the  magnetic  ground  state  of  /3"- 
(ET)2AuBr2,  we  propose  that  the  additional 
SdHO  frequencies  are  the  result  of  closed  pock¬ 
ets  produced  by  a  SDW  modulation  with  a  con¬ 
duction  plane  component  of  2  c,  driven  by  the 
nesting  properties  of  the  Q1D  part  of  the  FS. 
The  result  of  such  a  modulation  would  be  to  fold 
back  sections  of  the  calculated  FS  leading  to  a 
small  hole  pocket  close  to  V,  together  with  a 
larger  anisotropic  closed  section  of  FS  (electron¬ 
like)  (Fig.  3b).  The  band  filling  is  such  that  there 
should  be  equal  numbers  of  electrons  and  holes, 
so  that  the  total  area  of  the  two  hole  pockets 
should  be  the  same  as  the  area  of  the  electron 
pocket.  In  this  way,  if  we  identity  the  two  hole 
pockets  with  the  SdHO  series  BFl  and  BF2  (Figs. 
3c  and  3d),  the  SdHO  due  to  the  electron  pocket 
should  then  occur  at  the  sum  of  these  frequen¬ 
cies,  namely  B.F3  =  220  T  (Fig.  3e).  A  comparison 
of  Figs.  3c-3e  and  Fig.  3b  shows  that  there  is 
reasonable  qualitative  agreement  between  the  ex¬ 
perimental  FS  shapes  and  orientations  and  those 
of  the  proposed  SDW  groundstate. 


3.  Measurements  on  a-(ET)2KHg(SCN)4 


Charge-transfer  salts  of  the  form  a-(ET)2 
MHg(SCN)4,  where  M  may  be  K,  Tl,  Rb  or  NH4, 
were  first  synthesised  as  possible  superconducting 
modifications  of  /c-(ET)2Cu(SCN)2  [9].  However, 
only  a-(ET)2NH4Hg(SCN)4  is  a  superconductor, 
having  a  Tc~l.l  K  [9];  the  others  are  metals 
down  to  ~  100  mK  [10],  and  in  addition  exhibit 
the  onset  of  antiferromagnetic  order  at  ~  8-10  K, 
probably  due  to  the  onset  of  a  SDW  groundstate 
[11-13].  The  materials  are  isostructural,  with 
identical  predicted  Fermi  surfaces  consisting  of  a 
rather  isotropic  Q2D  closed  hole  pocket  and  a 
Q1D  open  electron  section  (see  inset  to  Fig.  4). 

Fig.  4  illustrates  the  magnetoresistance  of  a- 
(ET)2KHg(SCN)4  for  a  variety  of  temperatures; 
the  most  noticeable  feature  is  the  so-called  “kink” 
transition  visible  as  a  dramatic  fall  in  resistance 
between  22  and  23  T.  (Similar  “kinks”  have  now 
been  observed  in  a-(ET)2TlHg(SCN)4  at  ~  22  T 
[14]  and  in  a-(ET)2RbHg(SCN)4  at  -  35  T  [15], 
but  are  absent  in  the  case  of  a-(ET)2NH4 
Hg(SCN)4.)  Above  the  “kink”  a  single  series  of 
SdHO  with  a  frequency  of  670  ±  15  T  is  ob¬ 
served;  however,  below  the  “kink”,  the  MR  ex¬ 
hibits  hysteresis  [11],  and  the  SdHO  contain  a 


Magnetic  Field  (Tesla) 

Fig.  4.  Magnetoresistance  of  a-(ET)2KHg(SCN)4  for  several 
temperatures.  SdHO  and  the  field  induced  resistive  “kink”  at 
~  22  T  can  clearly  be  seen.  The  inset  shows  the  predicted 
room  temperature  Fermi  surface. 
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prominent  second  harmonic  component  (see  Fig. 
4).  In  addition  to  the  dominant  SdHO  series  with 
a  frequency  of  670  ±  10  T,  an  apparent  second 
series  of  SdHO,  with  a  sample-dependent  fre¬ 
quency  between  700  and  870  T  has  also  been 
observed  at  low  fields  [11].  Several  workers  have 
linked  these  phenomena  to  the  presence  of  the 
SDW  groundstate  [11-13].  It  is  thought  that  im¬ 
perfect  nesting  in  the  SDW  state  could  lead  to 
the  presence  of  an  extra  closed  2D  carrier  pocket 
in  the  Fermi  surface  (c.f.  /3"-(ET)2AuBr2  de¬ 
scribed  above);  the  presence  of  this  pocket  would 
lead  to  the  extra  SdHO  frequency  at  fields  below 


the  “kink”.  The  “kink”  would  signal  the  destruc¬ 
tion  of  the  SDW  state  by  the  external  field  and 
the  depopulation  of  the  pocket  would  account  for 
the  fall  in  resistance.  Others  have  noted  that  the 
complex  behavior  below  the  “kink”  may  be  re¬ 
lated  to  possible  breakdown  orbits  between  the 
open  and  closed  sections  of  FS  [15]. 

Recently,  Kartsovnik  et  al.  [14]  have  proposed 
a  possible  SDW  groundstate  for  a-(ET)2MHg 
(SCN)4  (M  =  K,  Tl)  with  a  nesting  vector  which 
leads  to  such  a  small  FS  pocket  and  a  new  ID  FS 
sheet  inclined  at  ~  26°  to  the  ID  sheet  shown  in 
Fig.  4.  In  their  scheme  the  SdHO  with  a  fre- 


Angle  (degrees)  Angle  (degrees) 


Fig.  5.  Magnetoresistance  of  a-(ET)2KHg(SCN)4  at  T=  1.5  K  for  fixed  fields  of  20  T  (left-hand  side)  and  24  T  (right-hand  side)  as 
a  function  of  rotation  angle  (see  text).  The  traces  correspond  to  the  following  angles  between  the  field  and  the  rotation  axis: 
left-hand  side  top  to  bottom  32°,  42°  and  52°;  right-hand  side  top  to  bottom  36°,  46°  and  56°. 
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quency  of  ~  670  T  corresponds  to  a  breakdown 
orbit  between  the  small  2D  FS  pocket  and  the  ID 
sheet,  whilst  the  700-870  T  series  represents  mix¬ 
ing  between  the  670  T  frequency  and  SdHO  due 
to  simple  orbits  around  the  small  pocket.  Fur¬ 
thermore,  the  strong  second  harmonic  observed 
below  the  “kink”  corresponds  to  a  breakdown 
orbit  of  twice  the  area  of  that  corresponding  to 
the  670  T  SdHO  frequency,  and  not  to  the  strong 
spin  splitting  proposed  by  other  workers  [12,13]. 

To  test  these  assertions  we  have  fitted  data 
such  as  those  shown  in  Fig.  4  using  the  Lifshitz- 
Kosevich  (LK)  formula  [5]  in  order  to  evaluate 
the  carrier  effective  masses  both  above  and  below 
the  “kink”  field.  Below  the  “kink”  the  fitting  of 
the  670  T  fundamental  frequency  is  complicated 
by  the  presence  of  the  second  SdHO  frequency 
-  700-870  T,  the  amplitude  of  which  has  an 
anomalous  temperature  dependence.  This  results 
in  a  relatively  large  uncertainty  in  the  effective 
mass  determined,  which  lies  in  the  range  2.0- 
2.5 rae.  However,  the  temperature  dependence  of 
the  amplitude  of  the  second  harmonic  at  fields 
below  the  “kink”  is  much  clearer,  and  may  be 
fitted  using  the  p  =  2  term  of  the  LK  formula  to 
reveal  an  effective  mass  of  2.40  ±  0.05m  e.  Above 
the  “kink”  the  temperature  dependence  of  the 
amplitude  of  the  fundamental  670  T  frequency 
yields  a  mass  of  2.40  ±  0.05me.  It  therefore  ap¬ 
pears  that  the  effective  mass  associated  with  the 
FS  pocket  corresponding  to  the  670  T  frequency 
is  almost  unchanged  above  and  below  the  “kink”. 
In  addition,  the  very  strong  second  harmonic 
component  seen  below  the  “kink”  also  exhibits 
the  same  effective  mass.  The  latter  fact  might 
support  the  proposal  of  Kartsovnik  et  al.  [14]  that 
the  second  harmonic  is  due  to  a  breakdown  orbit 
of  twice  the  area  of  the  orbit  corresponding  to 
the  670  T  frequency. 

Further  information  may  be  obtained  by  ob¬ 
serving  the  MR  as  the  sample  is  rotated  in  mag¬ 
netic  fields  above  and  below  the  “kink”  transi¬ 
tion.  The  experiments  were  performed  in  a  cryo¬ 
stat  which  allowed  the  sample’s  axis  of  rotation  to 
be  itself  tilted  in  the  magnetic  field.  Typical  data 
are  shown  in  Fig.  5  for  fixed  fields  of  20  T  (below 
“kink”)  and  24  T  (above  “kink”);  the  traces  were 
obtained  by  setting  the  rotation  axis  (parallel  to 


the  c  axis  of  the  crystal)  at  a  fixed  angle  with 
respect  to  the  field  and  then  turning  the  sample 
about  this  axis  through  ~  300°  (the  rotation  an¬ 
gle).  In  this  way,  MR  data  are  obtained  in  all  four 
azimuthal  angle  quadrants;  a  disadvantage  is  that 
only  a  restricted  range  of  azimuthal  angles  are 
available. 

Several  notable  features  are  apparent  in  the 
data.  Firstly,  the  MR  oscillates,  and  shows  min¬ 
ima  which  are  found  to  be  periodic  in  tan  6 ,  but 
with  a  periodicity  which  is  a  very  strong  function 
of  the  azimuthal  angle  defining  the  plane  of  tilt¬ 
ing  of  the  magnetic  field.  This  is  especially  no¬ 
table  when  one  compares  data  for  rotation  angles 
0°  to  180°,  corresponding  to  the  azimuthal  quad¬ 
rants  90°  <  0  <  180°  and  270°  <  0  <  360°  with  ro¬ 
tation  angles  0°  to  - 180°,  corresponding  to  quad¬ 
rants  0°  <  0  <  90°  and  180°  <  0  <  270°.  The 
strong  azimuthal  angle  dependence  suggests  that 
these  oscillations  are  probably  due  to  the  pres¬ 
ence  of  a  Q1D  section  of  FS,  rather  than  the  2D 
FS  effect  discussed  above  in  the  case  of  (3”~ 
(ET)2AuBr2.  Mechanisms  for  such  oscillations 
have  been  proposed  by  several  authors,  involving 
the  velocities  of  electrons  in  a  Q1D  band  sub¬ 
jected  to  a  magnetic  field  [16].  If  the  field  is 
applied  in  a  general  direction,  the  velocity  com¬ 
ponents  perpendicular  to  the  ID  direction  sweep 
out  all  possible  values,  thus  averaging  to  zero. 
However,  if  the  field  is  oriented  so  that  the 
electron’s  ^-vector  is  directed  along  a  reciprocal 
lattice  vector,  the  transverse  velocity  takes  only  a 
limited  set  of  values  determined  by  the  electron’s 
initial  position  on  the  FS.  Thus  its  time  averaged 
velocity  is  non-zero,  leading  to  dips  in  the  MR 
periodic  in  tan(0).  The  period  of  these  oscilla¬ 
tions  is  determined  by  the  projection  of  the  plane 
of  rotation  of  the  magnetic  field  onto  the  ID 
direction,  and  is  proportional  to  1/cos (0  -  0O), 
0O  being  the  azimuthal  angle  at  which  the  plane 
of  rotation  of  the  magnetic  field  is  perpendicular 
to  the  ID  axis. 

The  third  notable  feature  of  the  data  in  Fig.  5 
is  that  the  angle  dependence  of  the  MR  is  very 
similar,  both  qualitatively  and  quantitatively  in 
the  oscillation  periodicities  in  tan  6,  at  20  and 
24  T  (i.e.  above  and  below  the  “kink”).  There¬ 
fore,  although  we  have  as  yet  insufficient  data  do 
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determine  the  exact  orientation  of  the  Q1D  sec¬ 
tions  of  the  FS,  the  existing  data  do  appear  to 
indicate  that  there  are  no  very  drastic  changes  in 
band  structure  at  the  “kink”  transition,  and  that 
similarly  oriented  Q1D  sections  are  present  at  all 
magnetic  fields.  This  is  supported  by  the  similar 
carrier  effective  masses  observed  both  above  and 
below  the  “kink”.  Thus,  although  some  of  our 
data  give  partial  support  to  the  band  structure  for 
a-(ET)2KHg(SCN)4  proposed  by  Kartsovnik  et 
al.,  much  work  remains  to  be  done  to  clarify  the 
mechanism  responsible  for  the  “kink”  and  the 
low  temperature  Fermi  surface. 


4.  Note  added  in  proof 

Recent  measurements  of  the  angle-dependent 
magnetoresistance  in  a-(ET)2KHg(SCN)4  have 
been  carried  out  using  fields  up  to  30  T.  The  data 
show  conclusively  that  the  high  field  “kink”  rep¬ 
resents  a  transition  from  a  SDW  groundstate, 
characterised  by  a  quasi-one  dimensional  Fermi 
surface  sheet  tilted  by  ~  21°  with  respect  to  the 
b*c  plane,  to  a  state  with  a  cylindrical  two-di¬ 
mensional  Fermi  surface.  The  two  states  may  be 
distinguished  by  the  different  character  of  the 
angle-dependent  magnetoresistance  oscillations 
observed  above  and  below  the  “kink”.  See  “Mag¬ 
netoresistance  oscillations  and  field-induced 
Fermi  surface  changes  in  a-ET2KHg(NCS)4”,  J. 
Singleton,  J.  Caulfield,  P.T.J.  Hendriks,  J.A.A.J. 
Perenboom,  M.V.  Kartsovnik,  A.E.  Kovalev,  W. 


Hayes,  M.  Kurmoo  and  P.  Day,  J.  Phys.:  Con¬ 
densed  Matter,  submitted. 
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Abstract 

The  dynamic  response  of  electron  systems  confined  in  a  one-dimensional  parabolic  potential  is  investigated 
experimentally.  Such  structures  are  realized  in  so-called  parabolic  quantum  wells  where  the  parabolic  confining 
potential  is  achieved  by  a  proper  grading  of  the  barriers  of  a  AlGaAs/GaAs  quantum  well.  We  present  some  of  our 
recent  studies  on  both  intra-  and  interband  fundamental  excitations  of  such  systems  like  cyclotron  resonance, 
intersubband  resonance,  plasmon  modes  and  photoluminescence  excitations  using  various  experimental  techniques 
and  geometries.  Detailed  studies  of  the  electronic  excitations  in  parabolic  wells  with  intentionally  induced  deviations 
from  ideal  parabolicity  allow  for  a  better  understanding  of  the  effect  of  non-parabolic  terms  in  the  confining 
potential  also  for  lateral  nanostructures.  Due  to  the  simplicity  of  the  confining  potentials  most  of  our  experimental 
results  can  be  explained  in  simple  straightforward  and  transparent  ways  that  also  apply  to  recent  investigations  of 
lateral  nanostructures  and  thus  may  serve  for  a  better  understanding  also  of  this  rapidly  developing  field. 


1.  Introduction 

The  interaction  between  electron  systems  in 
semiconductor  quantum  well  structures  and  opti¬ 
cal  fields  has  been  studied  intensively  during  the 
last  two  decades  [1].  These  studies  include  inter¬ 
subband  absorption,  cyclotron  resonance  in  high 
magnetic  fields  as  well  as  plasmon  emission  and 
absorption.  The  collective  excitation  spectrum  of 
an  electronic  system  contains  valuable  informa¬ 
tion  as  it  is  one  of  its  most  fundamental  proper¬ 
ties.  For  quasi-two-dimensional  electron  systems 
(Q2DES,  quantum  films)  as  realized  in  space 
charge  layers  in  semiconductors  the  study  of  plas¬ 
mon  (intrasubband)  excitations  as  well  as  inter¬ 
subband  transitions  have  proven  invaluable  in  the 
characterization  and  understanding  of  these  sys¬ 
tems  [2].  More  recently  [3],  the  collective  excita¬ 


tions  in  quasi-one-dimensional  (Q1DES,  quan¬ 
tum  wires)  [4,5]  and  quasi-zero-dimensional  elec¬ 
tron  systems  [6]  (QODES,  quantum  dots)  have 
also  attracted  very  much  attention.  This  is  be¬ 
cause  in  the  last  few  years  the  realization  of 
lateral  nanostructures  has  become  possible,  which 
yielded  a  rapidly  growing  field  of  interest  in  semi¬ 
conductor  physics.  On  the  other  hand,  tremen¬ 
dous  improvements  of  semiconductor  growth 
techniques  like  molecular  beam  epitaxy  (MBE) 
nowadays  offer  the  possibility  to  engineer  practi¬ 
cally  every  desired  kind  of  bandstructure  for 
semiconductor  structures. 

A  very  attractive  application  of  those  advanced 
growth  methods  are  so-called  parabolic  quantum 
wells  (PQW).  Originally  invented  to  represent  an 
attempt  towards  the  theoretical  construct  of  jel- 
Hum,  it  turned  out  that  there  is  a  striking  similar- 
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ity  of  many  of  their  properties  to  the  ones  of  a 
Q1DES  or  even  a  QODES.  Many  experimental 
results  obtained  in  such  nanostructures  have  in 
the  recent  past  also  been  successfully  described 
in  a  parabolic  approximation  [3].  For  this  reason, 
throughout  this  report,  I  shall  point  out  the  simi¬ 
larities  and  the  applicability  of  our  experimental 
and  theoretical  results  to  the  case  of  lateral 
nanostructures  and  give  representative  examples. 


2.  Electron  systems  in  parabolic  quantum  wells 

PQWs  are  grown  by  computer-controlled 
molecular  beam  epitaxy  (MBE).  The  parabolic 
profiles  of  both  the  conduction  as  well  as  the 
valence  bands  are  obtained  by  properly  grading 
the  aluminum  content  of  the  ternary  Al^Ga^As 
alloy.  In  the  range  0  <  x  <  0.3  its  band  gap  varies 
nearly  linearly  with  A1  mole  fraction,  such  that  a 
controlled  variation  of  x  directly  leads  to  the 
desired  structure.  The  basic  idea  of  these  struc¬ 
tures  is  thus  to  create  a  conduction  band  profile 
Ec(z)  in  the  growth  direction  such  that  it  mimics 
the  parabolic  potential  of  a  uniformly  distributed 
slab  of  positive  charge  n+.  Once  this  structure  is 
remotely  doped,  the  donors  release  electrons  into 
the  well  which  in  turn  will  screen  the  man-made 
parabolic  potential  and  form  a  wide  and  nearly 
homogeneous  electron  layer.  An  undoped  spacer 


between  the  dopants  and  the  well  reduces  ionized 
impurity  scattering  and  thus  enhances  the  elec¬ 
tron  mobility  in  the  well,  as  is  the  case  for  con¬ 
ventional  heterostructures.  The  fictitious  charge 
n+  is  related  to  the  curvature  of  the  grown  PQW 
by  Poisson’s  equation: 

€60  32£c  8£€0/l 

n  =  —  TT  =  2 T7/ 2  •  l1) 

e  3z  e  W 

Here,  e  denotes  the  dielectric  constant  of 
AljGaj.^As,  A  is  the  energy  height  of  the 
parabola  from  its  bottom  to  the  edges,  e  the 
electronic  charge,  and  W  the  width  of  the  grown 
PQW.  Thus  n  +  can  be  varied  over  a  wide  range 
by  proper  control  of  the  growth  process.  Typical 
curvatures  of  our  samples  correspond  to  n+  of  a 
few  times  1016  cm-3.  Due  to  the  similarity  to  a 
real  existing  positive  space  charge,  this  concept 
has  been  referred  to  as  “quasi-doping”. 

In  Fig.  1  we  depict  the  basic  results  as  ob¬ 
tained  from  a  self-consistent  calculation  of  the 
resulting  subband  structure  and  carrier  distribu¬ 
tion  in  such  a  PQW.  Since  in  our  experiments  we 
are  able  to  vary  the  carrier  density  in  the  well  by 
application  of  a  gate  bias  between  a  semitrans¬ 
parent  electrode  on  top  of  the  sample  and  the 
electron  system,  we  plot  the  above  quantities  as  a 
function  of  Vg.  Typical  sheet  carrier  densities  in 
our  samples  lie  in  the  range  of  a  few  times  1011 
cm-2.  Usually,  up  to  four  subbands  are  occupied 


Fig.  1.  (a)  Self-consistent  subband  spacing  of  a  wide  PQW  as  a  function  of  the  applied  gate  bias  Vg.  The  inset  depicts  a  typical 
sample  geometry  used  in  our  experiments,  (b)  Distribution  of  the  carriers  in  a  PQW  as  a  function  of  gate  bias.  Decreasing  gate 
voltage  tends  to  deplete  the  well  by  depopulating  the  electrical  subbands.  The  inset  depicts  the  wavefunctions  and  the  total  carrier 
distribution  in  the  well  together  with  the  self-consistent  Hartree  potential  at  Vg  =  0  V. 
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at  V  =  0  V,  and  the  resulting  total  carrier  distri¬ 
bution  is  essentially  flat  over  the  region  of  the 
well.  The  self-consistent  potential  in  this  case 
also  exhibits  a  flat  bottom  as  expected  for  a 
quasi-three-dimensional  electron  system.  De¬ 
creasing  gate  bias  depletes  the  well  and  simulta¬ 
neously  increases  the  self-consistent  subband 
spacing  as  indicated  in  Fig.  la.  At  the  same  time 
the  electrical  subbands  become  depopulated  at 
specific  gate  voltages.  The  slab  of  mobile  carriers 
narrows  thus  changing  its  dimension  from  quasi 
3D  towards  quasi  2D  behavior. 


3.  Far-infrared  spectroscopy 

Shortly  after  the  first  successful  realization  of 
remotely  doped  PQWs,  some  initial  experiments 
[7,8]  stimulated  a  lot  of  further  experimental  as 
well  as  theoretical  work  on  this  subject.  Subse¬ 
quently,  both  (magneto-)transport  [9,10]  as  well 
as  FIR  investigations  [11]  uncovered  a  large 
amount  of  new  and  interesting  results  which  shed 
some  light  onto  the  understanding  of  many  fun¬ 
damental  properties  of  low-dimensional  electron 
systems. 


The  most  interesting  by-product  of  the  initial 
experimental  investigations  of  the  far-infrared 
(FIR)  response  of  a  PQW  was  the  formulation  of 
the  generalized  Kohn  theorem  [12]:  It  states  that 
in  a  purely  parabolically  confined  electron  system 
long-wavelength  radiation  only  couples  to  the 
center  of  mass  (CM)  coordinates  and  its  motion. 
The  reason  is  the  decoupling  of  these  modes  of 
the  interacting  electron  gas  from  its  internal 
modes.  Relative  coordinates,  and  thus  particu¬ 
larly  electron-electron  interactions,  in  such  sys¬ 
tems  do  not  affect  the  resonance  frequency  of  the 
observed  transitions.  FIR  experiments  on  a  PQW 
thus  only  allow  access  to  a  single  well-defined 
frequency  a)0  which  is  related  to  the  CM  motion 
of  the  whole  electron  system  and  is  solely  deter¬ 
mined  by  the  curvature  of  the  external  confining 
potential.  For  the  case  of  a  PQW  this  resonance 
frequency  can  be  determined  by  the  growth  of 
the  PQW  alone,  namely 


i ,  84  \1/2 


(2) 


This  mode  is  of  inter-subband  type  and  repre¬ 
sents  a  sloshing  of  the  electron  system  as  a  whole 
in  the  external  parabolic  potential.  A  very  power- 
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Fig.  2.  (a)  Experimentally  obtained  resonance  positions  for  three  different  tilted  field  experiments  as  a  function  of  the  total 
magnetic  field  strength  B.  With  increasing  tilt  angle  the  mode  anticrossing  becomes  more  pronounced.  The  solid  lines  are  the 
result  of  a  calculation  according  to  Eq.  (3)  using  no  fit  parameters  for  all  three  measurements,  (b)  The  same  experiment  with  the 
magnetic  field  in  the  plane  of  the  PQW.  This  leads  to  a  complete  hybridization  of  the  CR  and  the  sloshing  mode  of  the  PQW. 
Filled  symbols  and  the  solid  line  represent  the  extracted  and  calculated  resonance  positions,  open  symbols  and  the  dashed  line 
depict  the  amplitude  of  the  line  as  extracted  from  our  experiment  together  with  the  theoretical  one.  The  origin  of  the  discrepancies 
between  the  oscillator  strength  as  obtained  experimentally  and  theoretically  is  not  known  to  date. 
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ful  method  to  investigate  this  sloshing  mode, 
working  well  in  PQWs,  is  the  use  of  a  tilted 
magnetic  field  which  couples  the  in-plane  motion 
of  the  mobile  carriers  to  the  vertical  one.  This 
leads  to  a  strong  interaction  between  the  cy¬ 
clotron  resonance  (CR)  coc  =  eB/m *  and  the 
sloshing  mode  represented  by  w0,  manifested  in 
an  anti-crossing  around  coc  =  The  result  is  a 
splitting  of  the  CR  into  two  lines,  co  +  and  co_, 
which  are  given  by  the  simple  analytic  expression 

0}±  =  /i(wc  +  *>o)  ±  +  ~  "0,2)  •  (3) 

Here,  cocx  =  coc  sin  6  and  cocz  =  coc  cos  0  denote 
the  projections  of  the  CR  onto  the  magnetic  field 
components  parallel  and  perpendicular  to  the 
growth  direction.  B  is  tilted  by  an  angle  0  with 
respect  to  the  sample  surface.  For  the  extreme 
case  of  a  totally  in-plane  field,  Eq.  (3)  converts  to 
co\  =  +  col  representing  the  plasma-shifted  CR, 

a  hybrid  mode  between  electrical  and  magnetic 
confinement.  Typical  experimental  results  are 
given  in  Fig.  2.  Here,  we  plot  the  extracted  reso¬ 
nance  positions  of  tilted  or  in-plane  field  trans¬ 
mission  experiments  as  a  function  of  the  total 
magnetic  field.  In  (a)  the  results  for  three  differ¬ 
ent  tilt  angles  are  shown.  The  solid  lines  repre¬ 
sent  the  calculated  positions  according  to  Eq.  (3). 

In  (b)  the  corresponding  results  for  an  in-plane 
magnetic  field  and  a  different  sample  are  shown. 
Here,  we  also  depict  the  amplitude  of  the  ob¬ 
served  resonance  together  with  the  theoretically 
expected  one.  As  can  be  seen,  the  agreement 
between  the  simple  model  of  two  coupled  har¬ 
monic  oscillators  and  our  experimental  results  is 
quite  perfect.  There  is  no  fit  parameter  in  the 
calculations,  the  sloshing  mode  co0  is  simply  taken 
from  the  growth  parameters  of  our  samples. 
Changing  the  carrier  density  does  not  change  the 
extracted  resonance  position  co0  significantly  [13], 
indicating  that  Kohn’s  theorem  is  valid  for  our 
systems.  To  demonstrate  the  sensitivity  of  the 
above  experiments  we  show  in  Fig.  3  typical  spec¬ 
tra  taken  at  a  very  small  tilt  angle  and  for  differ¬ 
ent  magnetic  fields  between  B  —  2.5  T  and  B  = 
4.0  T.  The  interaction  between  the  sloshing  mode 
and  the  CR  manifests  itself  in  a  sharp  dip  in  the 
envelope  of  the  spectra  in  the  vicinity  of  the 
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Fig.  3.  Experimentally  obtained  spectra  of  the  cyclotron  reso¬ 
nance  in  a  PQW  in  a  tilted  magnetic  field.  The  tilt  angle  in 
this  case  is  very  small  (0  =  3°)  such  that  a  splitting  of  both 
lines  according  to  Eq.  (3)  is  not  yet  achieved.  Nevertheless,  a 
sharp  dip  in  the  envelope  of  the  spectrum  indicates  the  region 
of  anticrossing  between  both  lines  and  allows  for  an  exact 
determination  of  the  resonance  condition. 


degeneracy  point,  although  a  line  splitting  at  this 
small  angle  is  not  yet  resolved. 


4.  Imperfect  parabolic  wells 

So  far,  we  have  demonstrated  the  FIR  re¬ 
sponse  of  “ideal”  PQWs,  where  Kohn’s  theorem 
is  valid.  However,  it  is  very  interesting  to  investi¬ 
gate  the  effect  of  non-parabolic  terms  in  the 
confining  potential  of  the  FIR  spectrum.  Here, 
too,  PQWs  seem  to  be  a  nearly  perfect  tool. 
Unlike  the  case  of  quantum  wires  or  dots,  the 
external  confining  potential  can  be  tailored  in  a 
very  precise  and  controlled  way  during  the  growth. 
Moreover,  optical  experiments  on  imperfect 
PQWs  can  yield  information  not  only  about  the 
extent  to  which  the  confining  potential  deviates 
from  perfect  parabolicity,  but  also  (for  small  devi¬ 
ations)  about  the  forbidden  excitations  of  an  ideal 
system.  Here,  we  present  experimental  results 
obtained  in  a  structure  where  we  intentionally 
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induced  a  certain  degree  of  nonparabolicity  to 
study  its  influence  on  the  FIR  spectrum  [14].  The 
sample  is  a  nominally  75  nm  wide  PQW  with 
A  =  15  meV,  having  vertical  sidewalls  which  are 
150  meV  high.  From  the  PQW  curvature  we 
expect  the  bare  harmonic  oscillator  frequency  to 
be  w0  =  86  cm-1.  Apart  from  changing  the  car¬ 
rier  density  in  the  well  by  application  of  a  gate 
bias  we  can  simultaneously  change  the  shape  of 
the  confining  potential  in  this  special  sample.  At 
high  well  filling  the  additional  vertical  sidewalls 
violate  parabolicity,  whereas  at  very  low  filling 
the  wavefunction  is  squeezed  against  the  lower 
vertical  sidewall.  At  intermediate  fillings  we  ex¬ 
pect  the  sample  to  behave  like  a  “normal”  PQW. 
An  experimental  spectrum,  as  obtained  using  the 
grating  coupler  technique  [14],  is  shown  in  Fig. 
4a.  Here,  we  plot  the  relative  change  in  transmis¬ 
sion  versus  FIR  frequency  for  different  carrier 
densities  in  the  well.  As  can  be  seen,  the  electron 


system  not  only  absorbs  at  the  frequency  of  the 
bare  potential,  but  side  lines  appear  in  the  spec¬ 
trum.  Experiments  in  a  tilted  magnetic  field  con¬ 
firm  this  observation.  Here,  we  make  use  of  the 
effect  of  a  certain  “contrast  enhancement”  in 
such  measurements:  Although  the  oscillator 
strengths  of  the  additional  lines  may  be  quite 
small  as  compared  to  the  main  line,  their  exis¬ 
tence  can  also  lead  to  a  resonant  interaction 
between  these  modes  and  the  cyclotron  reso¬ 
nance.  This  is  demonstrated  in  Fig.  4b,  where  we 
plot  the  extracted  resonance  positions  from  a 
tilted  field  experiment  for  this  sample  as  a  func¬ 
tion  of  the  magnetic  field  and  for  three  different 
gate  voltages.  Most  remarkable  is  the  occurrence 
of  additional  lines  and  the  completely  changed 
character  of  the  dispersion  as  compared  to  an 
“ideal”  PQW  especially  for  low  well  fillings. 

Recently,  Dempsey  and  Halperin  [15]  were 
able  to  perfectly  describe  our  experimental  re- 


Fig.  4.  (a)  Grating-coupler-induced  spectra  for  an  imperfect  PQW.  The  relative  change  in  transmission  is  shown  for  different 
carrier  densities  Ns.  In  both  limits  of  high  and  low  well  filling  deviations  from  the  harmonic  oscillator  picture  are  observed, 
manifesting  themselves  in  the  occurrence  of  additional  lines  [14].  (b)  Experimentally  obtained  resonance  positions  from  a 
tilted-field  experiment  on  sample  PB25  for  different  well  fillings.  With  decreasing  carrier  density  the  spectra  deviate  more  and 
more  from  the  simple  harmonic  oscillator  picture.  Additional  lines  besides  the  CM  modes  appear  and  the  whole  spectrum  is  shifted 
towards  higher  energies,  indicating  a  “stiffening”  of  the  confining  potential. 
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suits  by  using  a  self-consistent  field  approach  in 
the  local  density  approximation  (LDA-SCF)  and, 
for  comparison,  also  in  the  random  phase  approx¬ 
imation  (RPA).  Since  for  our  samples  the  shape 
of  the  confining  potential  is  extremely  well  known, 
it  allows  for  a  completely  satisfying  explanation  in 
terms  of  theoretical  understanding.  An  important 
result  is  the  strong  mixing  of  the  depolarization- 
shifted  single-particle  subband  resonances  that 
lead  to  the  complicated  spectrum  as  presented  in 
Fig.  4.  Our  results  together  with  the  theoretical 
work  thus  can  be  regarded  as  a  valuable  ap¬ 
proach  towards  the  understanding  of  the  FIR 
spectrum  also  of  quantum  wires  and  dots,  where 
the  confining  potential  is  only  in  first-order 
parabolic,  but  not  known  a  priori. 

Experiments  at  finite  wave  vector  are  very 
illustrative  in  understanding  the  excitation  spec¬ 
trum  of  parabolically  confined  electron  systems. 
Here,  we  use  a  grating  coupler  technique  of  peri¬ 
odicity  a  to  couple  also  to  intrasubband  plasmon 
excitations.  In  a  local  and  strictly  two-dimen¬ 
sional  treatment,  where  the  wavelength  of  the 


excitation  is  taken  to  be  much  larger  than  the 
thickness  of  the  electron  system,  this  dispersion 
of  the  intrasubband  plasmon  reads 


a ), 


gj 

2emp  ’ 


2tt 

with  q  "  =  n  — . 

a 


(4) 


Here,  Ns  again  denotes  the  areal  carrier  den¬ 
sity,  e  is  an  effective  dielectric  function  including 
screening,  and  rap  is  a  plasmon  effective  mass.  It 
is  important  that  in  the  near  field  of  the  grating, 
z-components  of  the  electric  field  are  induced 
which  can  be  used  to  excite  the  intersubband  like 
resonances  as  discussed  in  the  previous  section 
(cf.  Fig.  4a).  In  the  limit  of  small  q  we  expect  Eq. 
(4)  still  to  be  reasonably  valid,  even  though  we 
are  not  dealing  with  a  strictly  2D  system.  For 
reasonable  carrier  densities  as  present  in  our 
PQW,  and  for  a  wave  vector  of  the  order  of  2tt/1 
jLtm,  the  energies  of  the  intraband  plasmon  a>p 
are  of  the  same  order  as  a)Q.  Thus  we  are  able  to 
systematically  study  the  mutual  interaction 
between  both  modes  which  is  not  that  easily 


Fig.  5.  Plasmon  excitations  of  a  PQW  subjected  to  an  in-plane  magnetic  field.  The  magnetic  field  induced  anisotropy  in  the 
subband  structure  is  clearly  seen  for  the  intrasubband  plasmon  resonance  at  around  15  cm-1.  For  q  LB  the  intra  subband  plasmon 
exhibits  a  negative  magnetic  field  dispersion  as  it  is  typical  for  edge-type  plasmons.  No  such  signature  is  observed  for  q\\B.  The 
agreement  between  the  simple  model  as  described  in  the  text  and  the  experimental  results  is  quite  perfect  [17]. 
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achieved  on  a  2DES.  We  find  that  both  modes 
strongly  couple  if  more  than  one  electric  subband 
is  occupied,  and  some  asymmetry  is  induced  in 
the  confining  potential  [16].  Due  to  the  limited 
space  in  this  report  I  have  to  refer  the  reader  to 
the  original  paper  addressing  this  mode-coupling 
phenomenon.  There  is,  however,  another  very 
interesting  feature  about  the  intrasubband  plas- 
mon  in  a  wide  PQW:  As  we  have  seen  before,  an 
in-plane  magnetic  field  hybridizes  the  cyclotron 
motion  and  the  sloshing  mode  of  a  PQW  similar 
to  the  magnetic  field  dispersion  of  the  ID  inter- 
subband  resonance  or  to  the  “  upper”  mode  of 
the  characteristic  spectrum  of  a  quantum  dot.  On 
the  other  hand,  it  turns  out  that  the  presence  of 
an  in-plane  magnetic  field  induces  an  anisotropy 
in  the  subband  dispersion.  Taking  the  in-plane 
magnetic  field  to  be  directed  along  the  y-direc- 
tion,  this  dispersion  then  reads 


h2k2x  co\ 

*-*!(» +  1/2)  +  ^  -j- 


hvy 

2m*  ’ 


(5) 


where  fl2  =  <o\q  +  co22c  denotes  the  effective  hy¬ 
brid  mode  at  finite  q.  The  free  motion  in  the 
plane  of  the  electron  system  is  represented  by  the 
quasi-momenta  kx  and  ky.  The  interesting  fact  is 
the  occurrence  of  an  anisotropic  band  structure 
with  respect  to  the  direction  of  the  magnetic 
field.  It  is  worth  mentioning  that  Eq.  (5)  has 
exactly  the  same  form  for  a  Q1DES  in  the 
parabolic  approximation  if  one  replaces  the  term 
containing  ky  by  the  2D  subband  energy  of  the 
“starting  material”  Q2DES.  The  term  containing 
kx  is  then  related  to  so-called  one-dimensional 
plasmons  propagating  along  the  wire  [5].  Eq.  (5) 
can  also  be  regarded  as  to  describe  a  renormal¬ 
ization  of  the  effective  mass  m*  with  respect  of 
the  magnetic  field  direction.  In  terms  of  a  collec¬ 
tive  excitation  at  finite  q,  this  leads  to  a  strongly 
anisotropic  magnetic  field  dispersion,  given  by 
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Here,  the  subscripts  of  q  have  to  be  taken  with 
respect  to  the  direction  of  the  magnetic  field  5 . 
The  result  of  an  experiment  [17]  where  we  probe 
this  dispersion  by  a  surface  plasmon  of  the  type 
given  by  Eq.  (5)  is  shown  in  Fig.  5.  In  Fig.  5a  we 
depict  the  experimental  spectra  for  both  mag¬ 
netic  field  orientations.  In  all  cases  we  observe 
three  distinct  lines  with  characteristic  5-disper¬ 
sion.  For  q  X  B  the  low  energy  line,  which  we 
identify  with  the  intrasubband  plasmon  exhibits  a 
negative  dispersion  which  is  characteristic  for  an 
edge-type  plasmon  mode.  The  lines  with  positive 
5-dispersion  are  identified  as  the  sloshing  mode 
at  q  =  0  and  at  somewhat  lower  energy  the  one  at 
finite  q  [17].  For  q\\B,  however,  the  intrasubband 
plasmon  shows  no  magnetic  field  dependence  as 
predicted  by  Eq.  (7).  In  Fig.  5b  we  show  the 
extracted  resonance  position  for  this  plasmon  and 
both  magnetic  field  orientations.  Again,  there  is 
quite  perfect  agreement  with  the  calculation  ac¬ 
cording  to  Eq.  (7)  as  depicted  by  the  solid  lines. 

As  a  final  example,  I  would  like  to  present 
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Fig.  6.  Magneto-luminescence  on  a  PQW  subjected  to  an 
in-plane  field  at  an  excitation  energy  of  2.412  eV.  In  this 
experiment  the  single  particle  subband  spectrum  is  probed  by 
radiative  recombination  of  photoexcited  carriers  in  the  quan¬ 
tum  well.  Strong  confinement  of  the  holes  also  leads  to  a 
Fermi  edge  singularity  that  allows  for  a  determination  of  the 
Fermi  level  in  the  system.  For  symmetry  reasons,  only  the 
transition  Ih  is  observed.  The  lines  depict  the  expected  dis¬ 
persion  of  the  magneto-electric  hybrid  subbands  that  become 
depopulated  at  magnetic  fields  where  the  Fermi  level  exhibits 
characteristic  kinks  [courtesy  of  Ch.  Peters,  to  be  published]. 


A.  Wixforth  /Surface  Science  305  (1994)  194-201 


201 


some  experimental  results  demonstrating  that  the 
single  particle  spectrum  of  a  PQW  is  accessible 
with  optical  methods.  Similar  to  the  work  of  Plaut 
et  al.  [18],  we  investigated  the  magneto-photo¬ 
luminescence  (PL)  of  our  samples  in  the  above 
ID  geometry,  i.e.,  the  magnetic  field  directed 
along  the  plane  of  the  electron  system.  Then,  the 
magneto-electric  hybrid  bandstructure  is  identical 
to  the  one  observed  in  quantum  wires  in  a  per¬ 
pendicular  magnetic  field.  Plaut  et  al.  observe  a 
PL  signal  that  is  attributed  to  the  radiative  re¬ 
combination  of  such  ID-confined  photoexcited 
electrons  with  holes  that  are  provided  by  a  p-type 
8 -layer  in  close  vicinity  of  the  electron  system. 
For  a  PQW,  however,  because  of  the  graded 
alloy,  both  the  conduction  as  well  as  the  valence 
band  of  a  PQW  are  parabolically  shaped.  This 
offers  the  advantage  that  there  is  also  strong 
confinement  for  photoexcited  holes,  leading  to  a 
so-called  “Fermi  edge  singularity”  in  the  PL 
spectra  allowing  for  a  determination  of  the  Fermi 
energy  as  a  function  of  the  applied  magnetic 
field.  In  Fig.  6  we  depict  the  result  of  such  an 
experiment.  Clearly  the  magnetic  field  dispersion 
of  the  lowest  hybrid  subband  as  well  as  the  de¬ 
population  of  the  higher  subbands  is  observed,  as 
indicated  by  the  oscillations  of  the  Fermi  level  as 
a  function  of  the  magnetic  field. 
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Abstract 

We  present  electronic  excitation  spectra  calculated  in  the  random  phase  approximation  (RPA)  for  bimetallic 
jellium  films  with  widths  ranging  from  zero  to  several  Fermi  wavelengths.  We  find  that  for  below  roughly  0.1  kF, 
excitation  frequencies  converge  to  the  surface  plasmon  frequencies  of  the  Drude  model  at  strikingly  different  rates 
as  the  slab  thickens;  and  that  this  onset  behavior  is  quite  sensitive  to  the  shape  of  surface  potential  barriers.  At 
larger  wavevectors,  the  RPA  response  deviates  from  local  behavior  for  all  layer  widths. 


1.  Introduction 

The  collective  modes  of  thin  layers  of  electron 
gas  remain  an  outstanding  problem  of  current 
interest  [1-3].  To  date,  the  collective  behavior  of 
single-density  slabs  of  electron  gas  (as  realized  in 
parabolic  AlGaAs  heterostructures)  has  been  the 
subject  of  several  studies  [2,3].  However,  thin 
electron  gases  with  internal  variation  in  the 
ground-state  electron  density,  ne,  have  been  little 
explored  [4].  Better  understanding  of  such  thin 
gases  may  allow  the  design  of  free  electron  mate¬ 
rials  with  specific  optical  and  chemical  properties 
that  are  tailored  by  choice  of  the  shape  of  ne.  In 
addition,  because  gases  with  internal  gradients  in 
ne  support  a  rich  excitation  spectrum,  studies  of 
such  gases  provide  valuable  tests  of  current  theo¬ 
ries  of  the  collective  behavior  of  inhomogeneous 
electron  gases,  thus  far  limited  primarily  to  stud¬ 
ies  of  semi-infinite  metals  [5]. 


*  Corresponding  author. 


We  study  the  collective  mode  spectrum  of  a 
bimetallic  film,  for  a  range  of  film  thicknesses 
and  surface  wavevectors,  q^.  We  choose  a 
bimetallic  gas  because  it  has  a  single  internal 
surface  between  regions  of  different  electron 
density,  ne9  and  is  thus  the  simplest  example  of 
an  electron  layer  with  strong  density  gradients  in 
its  interior.  In  AlGaAs  heterostructures,  widths 
of  electron  layers  typically  do  not  exceed  a  Fermi 
wavelength,  so  that  the  electron  energy  level 
spectrum  is  quantized  into  subbands.  We  investi¬ 
gate,  in  the  <  kF  limit,  how  the  excitations  of 
such  thin,  bimetallic  layers  evolve  toward  the 
surface  plasmons  (SP)  of  a  fully  3D  gas.  We  show 
that  shapes  of  the  surface  potentials  that  confine 
the  electrons  strongly  affect  the  rate  at  which  3D 
collective  behavior  emerges  with  increasing  gas 
width;  and  that  the  emergence  of  3D  behavior  is 
mode-dependent.  Finally,  we  explore  the  qualita¬ 
tive  difference  in  response  exhibited  in  two  dif¬ 
ferent  regimes  of  qf.  for  below  roughly  0.1  kF, 
a  local,  Drude  model  describes  the  response  for  a 
sufficiently  wide,  “3D”  layer,  while  at  larger  q^. 
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the  local  description  breaks  down  regardless  of 
how  wide  the  layer  is  made. 


2.  Surface  potential  barriers  in  “neutral”  and 
“non-neutral”  bimetallic  jellium 

Fig.  1  illustrates  ground-state  properties  of  a 
typical  bimetallic  film  in  an  AlGaAs  heterostruc¬ 
ture.  A  potential  well  for  electrons  (Fig.  la)  is 
formed  by  the  conduction  band  edge  Ec(z )  of 
A1JC(Z)G a:  -x(z) As,  in  which  the  Al  fraction  x(z) 
is  tailored  along  the  growth  direction,  z  [6].  By 
Poisson’s  equation  for  a  slab  geometry,  d2Ec/dz2 
=  e2n+/ele0,  the  potential  shown  in  Fig.  la,  Ec 
=  n1z2(e2/ 2e1e0)  for  z  <  0  and  Ec  = 
n2z2(e2/2el€0)  for  z  >  0,  simulates  the  presence 
of  adjacent  slabs  of  positive  charge  with  densities 
n  +  =nx  for  z<0  and  n  +  =  n2  for  z  >  0,  where 
ex  «  13  for  GaAs.  In  the  example  shown,  n1  =  2.7 
X  1016  cm-3  and  n2  =  1.35  X  1016  cm-3. 


non-neutral  film 
(heterostructure)  neutral  film 


Fig.  1.  Ground-state  properties  of  bimetallic  slab.  In  (a)-(f), 
the  dashed,  vertical  lines  at  z  =  0  separate  low-  and  high-den¬ 
sity  regions  of  the  positive  background  density  n+\  (a)-(c) 
show  a  non-neutral  film  and  (d)-(f)  its  neutral  counterpart, 
(a)  Potential  Ec  due  to  n+;  (b)  electron  density  nc(z)  (solid 
line)  and  n+  (dotted  line);  (c)  one-electron  potential  (/tot(z); 
dashed  horizontal  lines  show  en ;  (b)  and  (c)  are  for  the  well  in 
(a),  filled  to  A/e  =  3.2xl011  cm-2;  (d)-(f)  Neutral  bimetallic 
film  with  the  same  Ne.  Dotted  vertical  lines  mark  outer 
surfaces  of  n+. 


To  screen  n+,  electrons  that  fill  the  well  form 
a  bimetallic  layer  (Fig.  lb)  with  density  ne(z)  ~  nx 
for  z  <  0  and  ne  ~  n2  for  z  >  0.  In  a  real  struc¬ 
ture,  Si  donors  in  planes  set  back  from  each  side 
of  the  well  provide  the  electrons,  which  transfer 
into  the  well  to  reach  a  constant  chemical  poten¬ 
tial.  The  small  width  of  the  electron  gas  quantizes 
the  ground-state,  single-electron  energy  spectrum 
into  subbands  En(q y)  =  en  +  fi2qf\/2m*,  where  en 
are  eigenvalues  of  the  self-consistent,  single-elec¬ 
tron  potential  Utot,  shown  in  Fig.  lc.  We  use  the 
local-density-functional  approximation,  so  Utot  is 
the  sum  of  Ec ,  the  Hartree  potential,  and  an 
exchange-correlation  potential  [7]. 

As  shown  in  Fig.  lb,  a  non-neutral  jellium  is 
realized  within  the  well  in  Ec:  n+  is  wider  than 
the  electron  gas,  and  thus  produces  a  steady 
quadratic  rise  in  Utot  (Fig.  lc)  outside  the  gas. 
Fig.  If  shows  that  conditions  at  the  outer  surfaces 
of  a  neutral  jellium  are  quite  different:  Utot  soft¬ 
ens  and  flattens  at  the  outer  surfaces,  so  that  the 
en  above  EF  are  closely  spaced  and  form  a  con¬ 
tinuum  at  high  energies.  The  electronic  ground 
states  (i.e.,  £F,  occupied  en)  in  both  neutral  and 
non-neutral  cases  are  identical,  however,  as 
shown.  For  the  neutral  film  in  Figs.  Id- If,  the 
sheet  density  of  electrons  Ne  =  fne(z)  dz  is  the 
same  as  in  Figs,  la-lc,  but  n+  terminates  at  the 
dotted  vertical  lines  so  that  N+=  fn+(z)  dz  =  Ne. 

For  much  wider  bimetallic  films  and  q^  ->  0, 
different  surface  potentials  such  as  in  Figs,  lc 
and  If  do  not  affect  the  ordinary  SP  spectrum:  in 
this  limit,  ordinary  SP  frequencies  are  not  sensi¬ 
tive  to  surface  barrier  shapes  [8].  We  show  fur¬ 
ther  on  that  the  different  surface  barriers  in  Figs, 
lc  and  If  do  strongly  affect  the  excitation  spectra 
of  the  “thin”  gases  which  are  the  focus  of  this 
paper. 


3.  Transition  from  2D  to  3D  collective  response: 
mode  specificity  and  surface  sensitivity 

In  a  sufficiently  “thin”  gas,  electrons  occupy 
just  a  few  en,  and  two  types  of  collective  excita¬ 
tions  exist:  resonances  associated  with  transitions 
between  subbands  (plasma-shifted,  intersubband 
resonances),  and  a  “2D  plasmon”  intrasubband 
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mode.  As  the  gas  widens,  the  en  and  the  excita¬ 
tion  spectrum  will  change  rapidly.  For  a  film 
many  Fermi  wavelengths  wide,  however,  the  en 
approach  a  continuum.  If,  in  addition,  the  film  is 
wide  enough  that  q{lwt »  1  O,  is  the  width  of 
each  of  the  layers  of  electron  density  nt,  that 
make  up  the  slab),  surface  excitations  on  differ¬ 
ent  interfaces  of  the  gas  will  not  be  electrostati¬ 
cally  coupled  to  one  another.  In  this  limit  of  a 
“3D”  gas  with  decoupled  surfaces,  a  Drude  free 
electron  model  gives  ordinary  SP  frequencies  ex¬ 
actly  [8]  in  the  long  wavelength  limit  ql{  kF.  We 
thus  use  convergence  of  the  resonance  frequen¬ 
cies  of  the  bimetallic  gas  to  those  of  this  model  as 
our  criterion  for  onset  of  3D,  local  dynamic  be¬ 
havior. 

The  3D  local  model  uses  the  Drude  dielectric 
function  for  the  adjacent  gases  of  densities  n1 
and  n2,  and  finds  SP  frequencies  from  the  config¬ 
urations  of  the  oscillating  SP  charge,  8n ,  that 
satisfy  continuity  of  cf)  and  D  across  the  three 
interfaces  of  the  bimetallic  gas.  Three  “ordinary” 


SPs  exist,  with  frequencies  illow,  f2mid  and  Qhigh 
that  evolve  smoothly  with  slab  width,  and  are 
related  to  bulk  plasma  frequencies  (o1  and  o)2  of 
the  high-  and  low-density  gases  as  shown  in  Figs. 
2a-2c:  the  left  side  shows  8n  and  the  iTs  for 
1;  the  right  side,  for  q^i :»  1.  As  shown, 
the  iTs  localize  at  different  surfaces  for  q^wt  »  1. 
Note  that  because  the  model  is  purely  local,  it 
cannot  describe  any  nonlocal  effects  arising  in 
thin  gases  due  to  strong  spatial  variation  in  ne. 

Fig.  2d  explores  the  onset  of  3D  collective 
response  in  the  non-neutral  bimetallic  layer  (Figs, 
la-lc)  by  comparing  excitation  frequencies  calcu¬ 
lated  in  the  RPA  to  the  3D,  local  model,  for  a 
wide  range  of  layer  thicknesses.  Unlike  the  Drude 
model,  the  RPA  is  microscopic  and  nonlocal.  It 
has  been  shown  to  work  well  for  SPs  at  surfaces 
of  semi-infinite  alkalis  at  small  [5].  The  calcu¬ 
lation  techniques  we  use  are  fully  described  in 
the  literature  [9],  We  determine  the  RPA  re¬ 
sponse  for  an  external  potential  that  approxi¬ 
mates  [10]  the  effect  of  the  grating  couplers  often 


Fig.  2.  (a)-(c)  SPs  of  a  3D  bimetallic  slab,  for  q^w  1  (left  side)  and  q{]w  »  1  (right  side).  Dotted  line  shows  n+  and  ne;  solid  lines 
sketch  oscillating  SP  charge,  8n .  (a)  Highest  mode  has  frequency  /2high;  (b)  middle  mode,  /2mid;  (c)  lowest  mode,  f2low.  (d)-(r) 
Emergence  of  3D  behavior  in  a  thin  electron  gas.  (d)  RPA  and  3D  resonance  frequencies  versus  gas  width  wtot  for  q^  —  3.14  X  104 
cm”1.  All  frequencies  are  normalized  to  col  (bulk  plasma  frequency  of  the  denser  gas);  width  is  normalized  to  <AF>.  RPA 
resonances  appear  as  0  and  x  (>  1.8%  and  >  4.3%  of  spectral  weight,  respectively).  Solid  lines  show  SP  frequencies  !3low,  Omid 
and  llhigh  (e)-(j)  RPA-calculated  8n  (snapshots  of  the  oscillating  charge  of  the  excitation)  and  «e  (dashed  line),  for  resonances 
indicated  by  arrows,  (k)-(n)  RPA  absorption  (arbitrary  units)  versus  frequency,  for  wtot,  marked  by  vertical  dotted  lines  in  (d). 
Frequency  axis  is  normalized  to  (ov  (o)-(r)  Corresponding  RPA  spectra  for  companion  neutral  bimetallic  slab. 
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used  experimentally  [2,4,11]  to  couple  incident  Vertical,  dashed  lines  in  Figs.  2k-2n  locate  /2low, 

radiation  to  plasmons  with  fixed  q ^  In  Fig.  2d,  /2mid  and  I2hjgh. 

=  3.14  X  104  cm'1  »  0.04<fcF>  (where  ( kF >  is  Fig.  2d  shows  that  the  rate  at  which  the  RPA 

the  mean  Fermi  wavevector  of  bulk  gases  of  resonances  approach  the  /2’s  as  the  gas  thickens 

densities  nl  and  n2),  placing  us  in  the  long  wave-  is  strongly  mode-dependent.  The  immediate 

length  limit  in  which  the  3D,  Drude  model  is  emergence  of  the  12low  mode  is  a  general  result  in 

accurate  for  a  sufficiently  thick  gas.  Fig.  2d  shows  the  small  qn  limit  for  any  electron  layer  of  total 

dependences  of  the  RPA  excitation  frequencies,  width  wtot,  regardless  of  its  ne(z),  or  whether  it  is 

and  of  the  J7’s,  on  the  total  width  wtot  of  the  degenerate  [3]:  for  <7||Wtot «  1,  a  “2D”  plasmon 

non-neutral  bimetallic  gas.  In  Fig.  2d,  frequencies  with  frequency  proportional  to  (^||2Ve)1/2  always 

are  all  normalized  to  o»j,  the  bulk  plasma  fre-  exists.  The  RPA  results  in  Fig.  2d  follow  this  2D 

quency  of  the  higher  density  gas;  wtot  is  normal-  dispersion  for  small  widths,  where  the  resonance 

ized  to  the  mean  Fermi  wavelength  <AF)  =  765  A  is  an  intrasubband,  “2D”  plasmon,  and  evolve 

of  the  two  gases;  and  for  the  largest  width  shown,  smoothly  into  the  large  width  limit,  in  which 

q^wtot  =  2.1.  The  sheet  densities  of  the  adjacent  J2low  ->  w2/i/2.  In  addition  to  agreement  be- 

gases  are  kept  equal  as  the  film  widens,  so  that  tween  3D  and  RPA  frequencies  for  this  plasmon 

the  total  sheet  density  JVe  of  the  bimetallic  film  mode,  Figs.  2g  and  2j  show  that  the  RPA-calcu- 

determines  the  gas  width  as  wtot  =  3Ne/4n2,  lated  8n  resemble  their  3D,  local  model  counter- 

where  n2  is  the  lower  background  density.  Solid  parts  (Fig.  2c)  for  all  gas  widths, 

lines  are  the  local  SP  frequencies  fl[ov/,  flmid  and  In  contrast  to  the  immediate  onset  of  X2low, 

/2high;  x’s  denote  RPA  resonances  with  >  3.2%  Fig.  2d  shows  that  12mid  emerges  gradually  from 

of  the  integrated  spectral  weight;  and  circles,  the  microscopic  response.  The  RPA  intersubband 

RPA  resonances  with  weight  between  0.75  and  excitations  approach  fimjd  for  wtot  =  1.5<AF>,  and 

3.2%.  Figs.  2e-2j  show  the  RPA-calculated  8n  consist  of  one,  or  two  closely  spaced,  strong  reso- 

(shaded)  [3],  and  ground-state  density  ne  (dashed  nances.  Figs.  2f  and  2i  show  how  the  Sn  of 

lines),  for  resonances  in  Fig.  2d  marked  by  ar-  resonances  near  flmid  also  approach  the  3D  form 

rows.  RPA  absorption  spectra  A(qp  co)  [10]  are  (Fig.  2b):  Sn  becomes  confined  to  surface  regions 

shown  explicitly  in  Figs.  2k-2n  for  selected  widths  and,  for  ql{ wtot  >  1,  becomes  increasingly  localized 

wtot  marked  by  vertical  dotted  lines  in  Fig.  2d.  at  the  outer  surface  of  the  denser  gas.  Fig.  2i  also 


Fig.  3.  (a)  RPA  and  Drude  resonance  frequencies  versus  wtoi  for  =  1.6  X  105  cm-1.  Frequencies  are  normalized  to  a),  and  width 
to  <AF>.  RPA  resonance  frequencies  appear  as  O  and  X  (>  0.5%  and  >  1.5%  of  the  total  integrated  spectral  weight,  respectively); 
solid  lines  show  Drude  SP  frequencies  f7raid,  flhigh.  (b)-(g)  RPA-calculated  Sn  profiles  (shaded)  and  ne  (dashed  line)  for 

resonances  indicated  by  arrows. 
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shows  that  8n  is  most  spread  out  at  the  internal 
surface,  due  to  softness  of  the  potential  step 
there. 

Unlike  /2low  and  I2mid,  Fig.  2d  shows  that  the 
RPA  response  near  f2high  consists  of  broadly  scat¬ 
tered  intersubband  resonances,  even  for  the 
largest  wtot  shown.  In  addition,  unlike  the  8n  for 
RPA  resonances  near  f2low  and  !2mid,  8n  profiles 
(e.g.,  Fig.  2h)  near  /2high  have  not  converged  to 
the  3D  form  (see  Fig.  2a)  at  large  wtot:  in  Fig.  2h, 
8n  does  have  a  large  amplitude  at  the  internal 
surface,  but  large  oscillations  also  span  the  low- 
density  gas. 

These  observations  indicate  that  for  typical 
bimetallic  electron-layer  widths  in  AlGaAs  (NG  « 
3  X  10 11  cm-2,  three  occupied  subbands,  or  wtot 
«1.5<AF»  the  absorption  will  span  a  narrow 
frequency  range  near  Near  ilhigh,  however, 
it  will  always  be  spread  across  several  plasma- 
shifted  intersubband  resonances,  spanning  a  much 
wider  frequency  range.  These  effects  have  been 
observed  experimentally,  as  will  be  described 
elsewhere  [4]. 

On  close  inspection  of  Fig.  2d,  the  resonances 
near  ilhigh  are  actually  seen  to  be  arranged  regu¬ 
larly  along  sweeping  lines  that  intersect  ilhigh. 
Each  peak  is  actually  a  bulk  plasmon  (BP)  in  the 
low-density  gas,  coupled  to  surface  oscillations  at 
the  central  and  vacuum/high-density-gas  inter¬ 
faces.  Within  each  line,  the  number  of  nodes  in 
8n  across  the  low-density  gas  is  constant;  the 
strongest  peaks  are  those  closest  to  /2high.  Each 
line  differs  from  the  one  directly  below  or  above 
it  by  a  single  node.  The  modes  exist  because  the 
dispersion  relation  for  BP’s  in  a  3D,  /ow-density 
gas,  *>bulk2(<?)  =  [<x>\  +  oi(q/q2¥)2  +  ...  ]1/2,  al- 
ways  intersects  Dhigh  for  some  q  =  q0.  Thus,  the 
f2hi gh  SP  can  never  exist  alone,  but  always  coex¬ 
ists  with  a  BP  of  wavevector  q0  in  the  low-density 
gas  [8].  (Here  q  and  qQ,  to  be  distinguished  from 
<7|j,  are  wavevectors  of  a  longitudinal,  BP  oscilla¬ 
tion,  and  point  perpendicular  to  the  slab)  The 
/2high  SP  may  actually  couple,  via  electron-hole 
pairs,  to  BPs  in  a  continuous  range  of  frequencies 
near  ilhigh,  but  since  integral  numbers  of  half¬ 
wavelength  oscillations  across  the  low-density  gas 
are  preferential,  a  discrete  set  of  lines  about 
fl high ,  rather  than  a  solid  band,  appears.  ( Higher - 


density-gas  BPs  do  not  appear  prominently  in  the 
spectrum,  because  (obu]kl(q)  =  [w2  +  a(q/qlF)2 
+  . . .  ]1/2,  intersects  none  of  the  three  local  SPs.) 

As  we  now  discuss,  our  results  for  the  non¬ 
neutral  bimetallic  gas  have  depended  quite  criti¬ 
cally  on  the  particular  shape  of  the  non-neutral 
barriers.  Neutral  jellium  (e.g.,  Figs.  Id— If)  is  the 
appropriate  model  for  (uncharged)  elemental  al¬ 
kalis  [5].  Figs.  2o-2r  show  what  happens  to  the 
spectra  of  Figs.  2k-2n  when  the  steep,  non-neu¬ 
tral  surface  barriers  are  “softened”  to  those  of  a 
neutral  bimetallic  gas:  3D  local  dynamic  behavior 
emerges  more  slowly.  Although  the  integrated 
absorption  is  the  same  in  each  pair  of  spectra  [9], 
softer  confinement  dramatically  redistributes  the 
spectral  weight:  all  features  above  !7low  are 
broader.  In  addition,  multipole  SPs,  known  to 
exist  at  clean  elemental  metal  surfaces  [5],  reap¬ 
pear  in  the  spectrum,  as  discussed  further  else¬ 
where  [3].  They  had  been  suppressed  in  our  non¬ 
neutral  system,  because  a  steepened  electron 
“selvage”  at  non-neutral  surfaces  cannot  accom¬ 
modate  within  itself  the  multiple  oscillations  of 
8n  that  characterize  multipole  SPs  [3]. 


4.  Response  outside  the  long-wavelength  limit 

The  discussion  up  to  now  has  been  limited  to 
the  long-wavelength  limit  ->  0,  in  which  the 
local,  3D  model  accurately  describes  ordinary  SPs 
for  a  sufficiently  wide  layer.  In  this  small-^ 
regime,  convergence  to  the  local,  3D  model  is 
determined  entirely  by  wtot:  for  all  wavevectors  q^ 
below  roughly  0.1<&F>,  where  (kF)  =  27t/<Af>, 
the  picture  comparing  local  and  RPA  excitation 
frequencies  is  nearly  identical  to  Fig.  2d.  As  the 
q j|  of  the  excitation  is  increased,  however,  the 
local  model  must  become  an  inadequate  descrip¬ 
tion  of  the  response  regardless  of  how  wide  the 
layer  is  made.  Our  calculations  show  that  this 
change  in  behavior  occurs  at  rather  small  q^  just 
above  0.1<A:F). 

As  an  example  of  the  dynamic  response  in  this 
“large”  q^  regime,  Fig.  3a  compares  the  iTs 
(solid  lines)  to  RPA  excitation  frequencies  for 
<?U  =  0.2 Af.  In  Fig.  3a,  unlike  in  Fig.  2d,  the  RPA 
frequencies  do  not  converge  to  any  of  the  Drude 
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SPs.  In  particular,  RPA  frequencies  near  the 
“2D”  and  intermediate-frequency,  local  response 
lie  above  J?low  and  (lmid  for  all  layer  widths, 
while  in  the  small  limit  explored  in  Fig.  2d, 
they  converged  to  /2low  and  f 2mid . 

The  pattern  followed  by  the  highest- frequency 
RPA  resonances  is  more  easily  distinguished  in 
Fig.  3a,  than  in  Fig.  2d.  Fig.  3a  shows  more 
clearly  that  the  resonance  frequencies  decrease 
smoothly  with  increasing  layer  width  (for  wtot 
above  ~2(AF»  along  sets  of  downward-sweep¬ 
ing  curves.  Figs.  3b,  3c,  3e  and  3f  illustrate  how 
the  mode  profile  8n  is  essentially  the  same  at 
different  layer  widths  along  each  of  these  curves, 
and  how  at  fixed  width  wtot,  8n  has  an  additional 
half-oscillation  in  the  bulk  of  the  lower-density 
gas  between  successive  resonances  of  increasing 
frequency  (compare  Fig.  3e  to  Fig.  3f).  The  mixed 
surface/bulk  modes  appear  to  merge  with  the 
intermediate-frequency  SP  as  the  electron  layer 
widens. 


5.  Conclusions 

Our  results  have  broad  implications  for  other 
thin  electronic  systems.  For  example,  we  find  that 
excitations  of  thin,  inhomogeneous  gases  are  quite 
sensitive  to  the  shape  of  surface  potentials,  even 
in  the  small  limit.  We  also  find  that  the 
emergence  in  thin  electron  gases  of  3D  collective 
behavior  is  strongly  mode  dependent.  For  this 
reason,  we  expect  that  the  absorption  spectrum 
for  thin  gases  with  strong,  internal  gradients  in  ne 
will  typically  span  a  wide  frequency  range  (im¬ 
portant  for  potential  device  applications).  Finally, 
we  find  that  in  the  bimetallic  gas  studied  here,  a 
local  response  model  begins  to  break  down  rather 
abruptly  as  increases  above  ~0.2(/cF),  re¬ 
gardless  of  layer  width. 
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Abstract 

We  have  used  resonant  inelastic  light  scattering  spectroscopy  in  the  z(y',  x')z  configuration  to  probe  the 
single-particle  excitations  of  an  n-type  remotely  doped  wide  parabolic  GaAs/Al^Ga^As  quantum  well,  in 
magnetic  fields  0-5  T,  oriented  perpendicular  to  the  plane  of  the  sample.  The  well  had  a  design  curvature 
corresponding  to  an  empty  conduction  band  harmonic  oscillator  spacing  of  4.4  meV.  In  zero  field  the  sample 
revealed  two  light  scattering  peaks  with  energy  shifts  of  0.85  and  3.0  meV.  The  peaks  were  resonant  for  excitations 
near  the  E0  +  A0  gap  of  the  bulk  material  at  the  center  of  the  well,  with  resonance  widths  <  3  meV,  and  the  maxima 
of  the  resonance  curves  were  separated  by  an  energy  given  approximately  by  the  scattering  peaks  separation.  This 
behavior  is  consistent  with  a  model  in  which  the  scattering  peaks  result  from  intersubband  transitions  between 
square-well-like-spaced  subbands  of  the  remotely  doped  parabolic-well  conduction  band,  which  is  expected  to  have  a 
nearly  square-well-like  effective  band-edge  potential.  For  perpendicular  magnetic  fields,  the  scattering  shifts  were 
independent  of  field  up  to  5  T.  The  resonance  energies  increased  with  field  approximately  linearly  by  1  meV  for  5  T, 
an  amount  less  than  expected  in  a  simple  Landau  level  model  ignoring  exciton  effects. 

1.  Introduction  face  using  inelastic  light  scattering  resonant  near 

the  E0  +  A0  gap,  and  Pinczuk  et  al.  [2]  used  this 
Inelastic  light  scattering  has  been  a  useful  technique  to  measure  the  intersubband  excita- 

technique  for  measuring  electronic  intersubband  tions  of  the  multilayer  2DEG  in  modulation- 

spacings  in  two-dimensional  electron-gas  (2DEG)  doped  GaAs/Al^Ga^^As  heterostructure  su- 

systems.  Abstreiter  and  Ploog  [1]  measured  inter-  perlattices.  In  this  paper  we  report  resonant  in¬ 
subband  transitions  by  carriers  in  the  accumula-  elastic  light  scattering  in  n-type  remotely  doped 

tion  layer  at  a  single  GaAs/n-Al^Ga^^As  inter-  wide  parabolic  GaAs/Al^Gaj^As  quantum 

wells. 

Remotely  doped  wide  parabolic  GaAs/ 
*  Corresponding  author.  Al^Ga^As  quantum  wells  have  generated  in- 
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terest  because  they  have  been  demonstrated  to 
create  relatively  thick  (>  1000  A)  layers  of  uni¬ 
form  density,  high-mobility  electron  gas  [3-5]. 
Wide  parabolic  Al/ja^As  quantum  wells 
(WPBW)  are  created  in  the  conduction  band 
(CB),  valence  band  (VB),  and  spin-orbit  split-off 
band  (SOB)  by  varying  the  Al  concentration  in  a 
parabolic  profile.  The  parabolically  varying  CB 
edge,  by  Poisson’s  equation,  mimics  a  uniform 
positive  charge  distribution  of  3D  density  n3D  = 
2  e  A  Ecq/tt e 2L2Z ,  where  A£CB  is  the  difference 
between  the  energies  at  the  center  of  the  WPBW 
and  at  the  edge,  Lz  is  the  width  of  the  well,  e  is 
the  dielectric  constant,  and  e  is  the  electric 
charge. 

When  dopants  are  introduced  outside  the 
parabola,  the  electrons  move  to  screen  this  ficti¬ 


tious  charge,  forming  a  uniform  electron  gas  of 
width  we  =  rcs/n3D,  where  ns  is  the  sheet  density 
inside  the  parabolic  well.  Self-consistent  quantum 
mechanical  calculations  verify  semiclassical  argu¬ 
ments  that  for  filling  beyond  single  subband  occu¬ 
pancy,  the  3D  electron  density  is  nearly  uniform, 
the  Fermi  level  and  3D  density  are  roughly  inde¬ 
pendent  of  ns,  and  the  occupied  subband  energy 
levels  behave  like  a  square-well  spectrum  En^  a 
n\/wl ff,  where  ne  is  the  quantum  number  and 
weff  is  an  effective  square-well  width  given  by  we 
plus  a  constant  needed  to  account  for  the  expo¬ 
nential  tail  of  the  wavefunction  [6].  The  VB  and 
SOB  edges  remain  parabolic,  but  with  band-edge 
curvatures  increased  by  the  bare  parabolic  curva¬ 
ture  of  the  CB.  A  schematic  diagram  of  the  band 
edges  is  shown  in  Fig.  la,  along  with  a  schematic 


Fig.  1.  (a)  Schematic  diagram  of  the  conduction-band-edge,  valence-band-edge  and  spin-orbit  split-off  band-edge  profiles  in  an 
n-type  remotely  doped  Al/ja^  As  parabolic  well,  with  kx  =  ky  =  0  energy  levels  simple-harmonic-like  in  the  VB  and  SOB,  but 
square-well-like  in  the  CB.  (Only  the  heavy-hole  levels  in  the  VB  are  shown.)  The  effective  width  of  the  square  well  is  given 
approximately  by  the  width,  we,  of  the  electron  slab  indicated  by  the  charge-density  profile  shown  at  the  bottom,  (b)  Schematic 
diagram  of  several  CB,  VB  and  SOB  subbands  for  the  remotely  doped  parabolic  well  shown  in  (a).  Two  allowed  vertical  inelastic 
light  scattering  transitions,  using  the  lowest  SOB  subband  state  as  intermediate  state,  are  indicated.  The  +  and  -signs  on  the  left 
of  the  bands  indicate  the  parity  of  the  states. 
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of  the  resulting  subbands  in  Fig.  lb.  These  pre¬ 
dictions  of  the  subband  occupancy  and  spacing, 
and  their  dependence  on  ns,  have  been  given 
support  by  transport  measurements  [4,5].  In  this 
work  we  investigated  the  predicted  square-well- 
like  subband  spacing  in  the  CB  with  inelastic  light 
scattering,  using  the  harmonic-oscillator-like  sub¬ 
bands  in  the  SOB  as  resonance  levels. 


2.  Experiment 

The  WPBW  sample  was  fabricated  by  molecu¬ 
lar  beam  epitaxy  on  a  (100)GaAs  substrate,  as 
described  by  Sundaram  et  al.  [3].  The  parabolic 
band-edge  variations  were  constructed  from  a  20 

o 

A  period  superlattice,  each  period  containing  a 
GaAs  and  an  Al02Ga08As  layer,  with  the  relative 
width  of  the  two  layers  varied  using  a  computer- 
controlled  shutter  to  produce  an  average  Al  con¬ 
centration  with  a  parabolic  profile,  with  x  near 
zero  at  the  center.  The  electrons  were  introduced 
into  the  CB  well  from  Si-doped  layers,  set  back 
symmetrically  from  both  sides  of  the  well  with 

o 

300  A  spacer  layers.  The  sample  was  grown  with 
a  nominal  WPBW  width  of  Lz  =  2800  A,  with 
x  =  0.005  at  the  center  and  x  =  0.2  at  the  edge, 
giving  a  design  density  of  n3D  =  1.22  X  10 16  cm-3. 
The  Hall  effect  sheet  density  and  mobility  mea¬ 
sured  after  exposure  to  light  was  ns  =  (1.8  +  0.2) 
X  1011  cm-2  and  /jl  =  0.8  X  105  cm2  V-1  s_1, 
respectively,  corresponding  to  a  fractional  filling 
of  0.53  and  an  effective  well  width  of  weff  =  ~  1900 
A.  The  Fermi  level  EF  determined  by  n3u  was 
2.9  meV. 

The  sample  was  cooled  to  2  K  using  a  He- 
vapor-flow  optical  cryostat,  and  excited  with  a 
dye  laser,  pumped  by  an  Ar-ion  laser.  The  inelas¬ 
tic  light  scattering  spectra  were  obtained  using  a 
double  monochromator,  with  a  cooled  GaAs  pho¬ 
tomultiplier  tube,  photon-counting  electronics, 
and  a  computer-controlled  data  acquisition  sys¬ 
tem.  The  spectra  were  obtained  in  the  depolar¬ 
ized  backscattering  configuration  z(y',  x')z,  with 
the  incident  photon  energy  ficol  (1.89-1.94  eV) 
near  the  E0  +  A0  gap  of  GaAs.  In  this  configura¬ 
tion  the  spectra  are  expected  to  exhibit  electronic 
single-particle  intersubband  transitions  [7].  We 


have  neglected  corrections  for  the  exchange 
Coulomb  interaction  [8],  assumed  to  be  small  due 
to  the  low  3D  density  of  the  electron  gas.  The 
magnetic-field  measurements  were  made  with  a 
superconducting  magnet  immersed  in  superfluid 
He,  using  the  same  cryostat. 

3.  Results 

Fig.  2a  shows  a  series  of  inelastic  light  scatter¬ 
ing  spectra,  taken  at  2  K,  for  excitation  energies 
ranging  from  1.927  to  1.936  eV.  The  focused 
illumination  power  density  was  5  W /cm2  and  the 
instrumental  resolution  was  0.1  meV.  The  spectra 
clearly  show  two  peaks  resonant  at  different  exci¬ 
tation  energies.  Deconvolutions  of  the  double 
peak  structure  with  Lorentzians  show  that  one 
peak  has  an  energy  shift  of  3.0  ±  0.3  meV  with  a 
FWHM  of  3.2  ±  0.4  meV,  which  is  resonant  for 
excitations  near  1.932  eV.  The  other  peak  has  an 
energy  shift  of  0.85  ±  0.20  meV  with  a  FWHM  of 
1.0  ±  0.2  meV,  which  is  resonant  for  excitations 
near  1.930  eV.  (The  fit  with  two  Lorentzians  to 
one  of  the  curves  is  shown  by  triangles  in  the 
figure.)  The  two  peaks  are  spaced  apart  by  an 
energy  of  2.15  +  0.4  meV.  (The  upper  three  curves 
are  seen  to  be  distorted  by  a  broad  peak  which 
has  an  increasing  energy  shift  with  increasing 
excitation  energy.  In  fact,  it  has  a  constant  peak 
energy,  and  is  due  to  the  weak  luminescence 
across  the  E0  +  A0  gap.)  Resonant  enhancement 
curves,  showing  the  excitation  energy  dependence 
of  the  intensities  of  the  two  peaks  at  their  max¬ 
ima,  determined  from  the  deconvolution  of  the 
double  peak  structure  for  the  various  spectra,  are 
shown  in  Fig.  2b.  These  curves  show  a  resonance 
width  (FWHM)  for  the  lower  energy  shift  peak  of 
~  2.5  meV,  and  for  the  higher  energy  shift  peak 
of  3.0  meV.  The  resonant  maxima  for  the  two 
peaks  differ  by  2.0  ±  0.4  meV,  approximately 
equal  to  the  spacing  between  the  two  scattering 
peaks. 

Similar  sets  of  measurements  were  made  on 
this  sample  for  different  angles  (from  0°  to  45°) 
between  the  incident  photon  and  the  normal  to 
the  plane  of  the  sample.  The  peak  shifts  were 
independent  of  this  angle,  eliminating  the  possi- 
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Incident  Photon  Energy  (eV) 


Fig.  2.  (a)  Light  scattering  spectra  for  various  excitation  energies  shown  to  the  right,  taken  in  the  z(y',  x’)z  configuration  at  2  K. 
Instrumental  resolution  is  0.1  meV.  All  spectra  have  the  same  scale  factor  and  the  top  four  are  displaced  vertically.  The  figure 
shows  a  peak  at  an  energy  shift  of  ~  3.0  meV,  resonant  near  1.932  eV  and  a  peak  at  an  energy  shift  of  ~  0.85  meV,  resonant  near 
1.930  eV.  The  triangles  represent  a  fit  to  one  of  the  spectra  with  two  Lorentzians.  The  broad  peak  evident  in  the  top  two  spectra  is 
due  to  luminescence  across  the  E0  +  A0  gap.  (b)  Normalized  scattering  intensity  for  the  peak  maxima  of  the  two  light  scattering 
peaks,  as  a  function  of  incident  photon  energy.  The  solid  lines  are  cubic  spline  fits  to  the  data. 


bility  of  the  peaks  being  associated  with  plasma 
oscillations  [7].  The  peak  shifts  were  also  inde¬ 
pendent  of  power  for  power  densities  ranging 
from  0.03  to  10  W/cm2. 


Fig.  3.  The  average  of  the  resonance  maximum  excitation 
energies  for  the  two  peaks  shown  in  Fig.  2a,  as  a  function  of 
magnetic  field  oriented  perpendicular  to  the  layers. 


The  inelastic  light  scattering  peaks  were  mea¬ 
sured  as  a  function  of  magnetic  field  B  ±  ,  ori¬ 
ented  perpendicular  to  the  plane  of  the  sample. 
The  peak  shifts  were  independent  of  B±  for 
fields  up  to  5  T.  The  resonance  maxima  excita¬ 
tion  energies,  however,  increased  with  field,  by 
the  same  amount  for  both  peaks.  The  average  of 
the  resonance  maximum  excitation  energies  for 
the  two  peaks,  as  a  function  of  B  ±  for  0-5  T,  is 
shown  in  Fig.  3.  The  figure  shows  that  the  reso¬ 
nance  energy  increases  linearly  (within  the  error 
bars)  with  field,  by  ~  1  meV  for  5  T. 


4.  Discussion 

The  z(yr ,  x')z  inelastic  light  scattering  spec¬ 
tra  shown  in  Fig.  2a  display  several  noteworthy 
characteristics:  (1)  the  spectra  show  peaks  with 
energy  shifts  near  0.85  and  3.0  meV,  which  are 
strongly  resonant  with  excitation  energy  resonant 
widths  (FWHM)  of  <  3  meV;  (2)  the  difference 
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in  energy  between  the  shifts  is  approximately 
equal  to  the  energy  difference  between  the  peaks 
of  their  respective  resonance  curves;  and  (3)  the 
widths  of  the  resonance  curves  are  ~  EF  ~  2.9 
meV.  These  characteristics  suggest  a  model  simi¬ 
lar  to  that  proposed  by  Burstein  et  al.  [9]  and 
used  by  Pinczuk  et  al.  [2]  to  analyze  the  inelastic 
z(y\  x')z  light  scattering  spectra  of  modulation- 
doped  GaAs/Al^.Ga^As  heterostructure  su¬ 
perlattices. 

In  the  scattering  mechanism  proposed  by 
Burstein  et  al.  [9],  for  the  depolarized  backscat- 
tering  geometry  z(yf,  x')z ,  the  peaks  in  the  in¬ 
elastic  light  scattering  spectra  correspond  to  sin¬ 
gle-particle  spin-flip  transitions  from  occupied  CB 
subband  states  below  the  Fermi  level  to  unoccu¬ 
pied  CB  subband  states  above  the  Fermi  level. 
These  transitions  can  occur  if  the  occupied  inter¬ 
mediate  states  have  mixed  spins,  due,  for  exam¬ 
ple,  to  the  spin-orbit  interaction,  as  in  the  SOB 
states.  For  incident  and  scattered  photon 
wavevectors  perpendicular  to  the  heterostructure 
plane,  the  transitions  must  be  vertical,  i.e.  the 
initial,  intermediate,  and  final  states  must  have 
the  same  value  for  the  in-plane  wavevector  k. 
Two  such  transitions  for  the  remotely  doped 
WPBW  structure  are  illustrated  in  the  E  versus  k 
diagram  in  Fig.  lb.  Here  the  initial  and  final 
states  are  in  the  square-well-level-like  subbands 
of  the  CB  and  the  intermediate  states  are  in  the 
harmonic-oscillator-level-like  subbands  of  the 
SOB. 

The  matrix  elements  for  these  spin-flip  inter¬ 
subband  transitions  for  which,  as  depicted  in  Fig. 
lb,  the  intermediate  state  is  a  SOB  subband 
state,  are  given  by  [7,10] 

Mif(k)  a  \el  X  es  ||FCBSOB  | 

xE{<*f(*)le“'‘k(2)) 

v 

X<<fc,(z)le"M  l*,(z)}} 

X {£( k,  v)  —  (1) 

Here  eI?  kv  and  cul  are  the  unit  polarization 
vector,  wavevector,  and  frequency  of  the  incident 
photons;  es  and  ks  are  the  corresponding  quanti¬ 
ties  for  the  scattered  photons;  and  <£f(z) 


are  the  square -well-like  envelope  functions  of  the 
initial-  and  final-state  CB  subbands;  4>v(z)  are 
the  harmonic-oscillator-like  envelope  functions  of 
the  intermediate-state  SOB  subbands;  k  is  the 
two-dimensional  in-plane  wavevector  common  to 
all  three  states;  PCB  SOB  is  the  momentum  matrix 
element  between  the  cell  periodic  parts  of  the  CB 
and  SOB  wavefunctions;  and  E(k ,  v)  is  the  reso¬ 
nant  energy  given  by 

E(k,v)  =  Eg  +  E{  +  Ev  +  h2k2/2m* 

+  h2k2/2m*Q,  (2) 

where  EG  is  the  E0  +  A0  gap  of  bulk  AlxGaj  _xAs 
at  the  WPBW  minimum,  Ef  and  Ev  are  the  k  =  0 
energies  of  the  final-  and  intermediate-state  sub¬ 
bands  measured  from  the  CB  and  SOB  edges  of 
bulk  Al^Ga^As  at  the  WPBW  minimum,  and 
ra*  and  ra*  are  the  effective  masses  of  the  CB 
and  SOB  subbands.  The  sum  over  v  in  Eq.  (1)  is 
over  all  intermediate-state  subbands.  The  total 
scattering  intensity  resulting  from  the  transitions 
i->f  is  proportional  to  \Mif(k)\2  summed  over 
all  k  which  correspond  to  an  occupied  initial  CB 
subband  state  and  an  unoccupied  final  CB  sub¬ 
band  state. 

In  the  dipole  approximation,  tlklZ  ~  e~l/rsZ  -» 1, 
the  selection  rules  are  determined  by  the  product 
of  the  envelope-function  overlap  integrals 
(<f>f(z)\  <f>v(z)X<j>v(z)\  0i(z)>.  Since  the  remotely 
doped  WPBW  structure  depicted  in  Fig.  la  has 
reflection  symmetry  about  the  center  of  the  well, 
the  envelope  functions  in  the  matrix  element 
have  definite  parity,  and  it  is  clear  that  for  the 
matrix  element  to  be  non-zero  all  three  states 
must  have  the  same  parity  [11].  The  envelope 
functions  associated  with  the  lowest  subbands  of 
the  CB,  VB,  and  SOB  all  have  even  parity,  and 
alternate  parity  for  higher  subbands  as  indicated 
in  Fig.  lb.  Thus,  for  example,  the  lowest-energy- 
allowed  inelastic-scattering  intersubband  transi¬ 
tion  is  from  the  first  to  the  third  CB  subband, 
CB(1)  ->  CB(3),  resonant  off  the  lowest  SOB  sub¬ 
band,  SOB(l),  and  the  next-lowest  energy  transi¬ 
tion  from  CB(1)  is  CB(1)  -»  CB(5),  as  depicted  in 
Fig.  lb.  For  the  assumed  square-well-like  poten¬ 
tials,  the  two  splittings  referred  to  above  have  the 
ratio  (32  -  l2)/(52  -  l2)  =  1/3.  The  transition 
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energies  are  independent  of  k  assuming  parabolic 
subbands  and  subband-index-independent  effec¬ 
tive  masses,  assumptions  appropriate  for  the  small 
kys  and  low-order  subbands  considered  here. 
Thus,  summing  over  the  contributions  from  all  k 
obeying  the  occupancy  requirements  for  the  vari¬ 
ous  bands  discussed  earlier,  the  two  scattering 
peaks  resulting  from  the  two  transitions  depicted 
in  Fig.  lb  should  have  energy  shifts  with  a  ratio 
1/3. 

We  will  now  use  this  model  to  analyze  our 
measurements.  We  assume  an  effective  well  width 
of  n>eff  ~  1900  ±  250  A,  determined  from  the 
measured  ns,  and  an  average  electron  effective 
mass  of  m*  =  0.071m0,  determined  by  averaging 
the  Al-concentration-dependent  mass  over  the 
width  of  the  slab.  Then  the  square -well-like  levels 
are  calculated  to  have  splittings  of  £CB(3)  —  £CB(1) 
=  1.1  ±  0.2  meV  and  ECB(5)  -  Ec B(1)  =  3.4  ±  0.6 
meV,  compared  to  the  measured  energy  shifts  of 
0.85  +  0.2  and  3.0  +  0.3  meV,  respectively.  These 
measured  energy  shifts  for  the  two  peaks  have 
the  ratio  0.85 /3.0  ~  0.28  ±  0.07,  consistent  within 
the  error  bars  with  the  1/3  ratio  expected  for 
square  wells.  Eqs.  (1)  and  (2)  predict  that  for 
vertical  transitions  using  the  same  intermediate 
state,  the  peaks  of  the  resonance  curves  for  two 
different  final-state  subbands  CB(f)  and  CB(f') 
should  have  an  energy  separation  of  A  £~ 
(^CB(f')  —  ^CB(f))*  The  scatterinS  peaks  are  sepa¬ 
rated  by  2.15  ±0.4  meV,  which  is  approximately 
equal  to  the  separation  of  the  resonance-curve 
peaks,  2.0  ±  0.4  meV.  The  resonance-curve  widths 
of  2.5  and  3.0  meV  are  on  the  order  of  the 
calculated  Fermi  level  EF  =  2.9  meV  for  this 
structure,  as  expected  in  this  model.  We  have 
made  similar  measurements  on  two  other  WPBW 
samples,  with  sheet  densities  giving  other  effec¬ 
tive  well  widths.  These  samples  also  show  two 
peaks  with  peak-shift  ratios  of  ~  1/3,  and  peak- 
shift  magnitudes  consistent  with  effective  well 
widths. 

The  magnetic  field  behavior  of  the  spectra  can 
be  examined,  first  ignoring  exciton  effects,  assum¬ 
ing  the  transitions  are  between  the  lowest  Lan¬ 
dau  levels  of  each  of  the  subbands  n,  with  field 
dependence  given  by  \ho)nc  =  \h(eB L/m*c\  If 
the  effective  mass  is  the  same  for  each  subband, 


then  the  scattering  peak  shifts  should  be  indepen¬ 
dent  of  field,  as  observed.  In  this  simple  model, 
the  resonance  energies  for  the  two  peaks  should 
increase  with  field  by  \h(eB L/fxc),  where  fi~l  = 
For  ra*  =  0.067  and  ras*  =0.154, 
this  gives  a  linear  increase  of  6  meV  for  5  T,  a 
factor  of  six  larger  than  the  measured  value  of  1 
meV  (Fig.  3).  However,  the  exciton  associated 
with  the  SOB  to  CB  intermediate-state  transition 
is  expected  to  have  an  increasing  binding  energy 
with  B  ±  [12,13].  Qualitatively,  this  effect  would 
be  expected  to  counter  the  increase  in  resonance 
energy  with  B  ±  due  to  the  Landau  level  effect 
discussed  above,  and  could  account  for  the  smaller 
increase  observed  than  expected  in  a  simple  Lan¬ 
dau  level  model.  However,  the  effects  are  cou¬ 
pled  and  a  quantitative  analysis  requires  a  more 
sophisticated  model. 


5.  Conclusions 

Our  measurements  of  the  z(y',  x')z  inelastic 
light  scattering  spectra  of  an  n-type  remotely 
doped  wide  parabolic  Al/Ta^As  quantum  well 
have  revealed  two  peaks  with  energy  shifts  in  the 
ratio  ~  1  /3,  and  resonance  maxima  separated  by 
the  energy  difference  between  the  peak  shifts. 
Interpreting  the  peaks  in  the  z(y\  x')z  spectra 
as  single-particle  spin-flip  vertical  transitions  be¬ 
tween  CB  subbands,  we  have  found  the  observed 
energy  shifts  quantitatively  consistent  with  a 
model  for  the  electron  gas  in  the  remotely  doped 
WPBW  being  distributed  as  a  uniform-density 
electron  slab,  with  an  effective  square-well-like 
potential,  giving  rise  to  square-well-like  subbands. 
The  B  L  dependence  of  the  spectra  is  qualita¬ 
tively  consistent  with  a  simple  model  for  Landau 
level  transitions,  but  a  quantitative  accounting  for 
the  shift  in  resonance  maximum  excitation  ener¬ 
gies  with  field  requires  a  more  sophisticated 
model  taking  into  account  exciton  effects. 
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Abstract 

Far  infrared  magneto-spectroscopic  studies  of  quasi-2D  D“  ions  have  been  carried  out  in  several 
GaAs/ Al0  3Ga0  7  As  MOW  samples  with  a  wide  range  of  controlled  doping  in  the  barrier  with  constant  sheet  doping 
in  the  well.  Temperature,  carrier  density  dependence,  and  polarization  studies  of  a  new  confinement-related  feature 
on  the  low  frequency  side  of  cyclotron  resonance  indicate  that  this  feature  is  likely  due  to  a  D~  triplet  transition. 
The  temperature  dependence  of  the  relative  absorption  strength  of  D“,  D°  and  CR  were  also  studied  and  found  to 
be  in  qualitative  agreement  with  a  calculation  that  includes  the  probability  of  both  single  and  double  occupancy  (the 
D“  states)  of  a  particular  donor  site  in  thermal  equilibrium  in  high  magnetic  field. 


AD-  ion  in  semiconductors  is  a  negatively- 
charged  ion  formed  by  a  shallow  impurity  donor 
binding  two  indistinguishable  electrons.  The  en¬ 
ergy  spectrum  of  such  a  system,  the  simplest 
“many-electron  system”,  provides  information 
about  electron-electron  correlations  in  semicon¬ 
ductors.  D“  ions  can  be  created  in  many-valley 
bulk  semiconductors  (Si  and  Ge)  in  which  one  of 
the  valleys  is  lower  in  energy  due  to  externally 
applied  stress  so  that  two  electrons  of  a  D“ 
occupy  the  same  valley  [1-5].  D~  ions  can  also  be 
created  metastably  in  direct  gap  semiconductors 
by  continuous  optical  excitation  [6].  In  recent 
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years,  considerable  theoretical  and  experimental 
effort  has  been  focused  on  D-  ions  in  quasi-two- 
dimensional  structures  [7-14].  Unlike  bulk  semi¬ 
conductors,  in  appropriately  doped  quantum-well 
structures  such  ions  can  be  created  and  can  exist 
metastably  in  the  absence  of  optical  excitation  at 
low  temperatures  for  very  long  times,  as  shown  by 
recent  experimental  studies  [7,8].  Quantum  con¬ 
finement  and  magnetic  field  dramatically  increase 
the  binding  energy  of  D~  ions,  and  in  such  sys¬ 
tems  electron-electron  correlations  can  be  stud¬ 
ied  over  a  range  of  high  magnetic  fields  that  is 
not  achievable  in  atomic  H~  systems.  In  addition, 
due  to  the  lack  of  continuum  states  along  the 
confinement/ magnetic  field  axis  in  quasi-2D 
structures  the  optical  transitions  are  much  sharper 
than  in  3D. 
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In  previous  far-infrared  magneto-optical  mea¬ 
surements,  the  evolution  of  the  electron  occu¬ 
pancy  process  from  one-electron  (D°)  and  two- 
electron  (D~)  bound  impurity  states  to  free-elec- 
tron  Landau  states  was  studied  for  Si  donors 
confined  in  GaAs  quantum  wells  [8].  In  heavily 
barrier  doped  samples  (NB  >  iVw,  where  NB  and 
Aw  refer  to  barrier  and  well  sheet  donor  densi¬ 
ties,  respectively)  an  unexpected  increase  in  the 
“D“”  singlet  (1S-2P  (M=  +1))  transition  en¬ 
ergy  with  increasing  density  of  excess  electrons, 
and  discontinuities  in  the  slope  of  the  magnetic 
field  dependence  of  this  “D~”  transition  at  inte¬ 
ger  Landau  level  filling  factors,  have  also  been 
observed  [9].  These  results  have  shown  the  impor¬ 
tance  of  many-electron  effects  on  the  D-  transi¬ 
tions. 

A  fundamental  aspect  of  D  “  ions  confined  in 
QWs  at  high  field  is  the  existence  of  bound 
triplet  states  and  associated  optical  transitions.  It 
is  well  known  from  variational  calculations 
[12,15,16]  that  only  one  bound  state,  the  singlet 
state,  exists  at  zero  magnetic  field.  In  the  pres¬ 
ence  of  a  magnetic  field,  the  singlet  state  be¬ 
comes  deeper  and  the  low-lying  triplet  states  be¬ 
come  bound.  From  the  calculation  of  the  infrared 
absorption  spectrum  for  strictly  2D  D“  centers  in 
the  strong  magnetic  field  limit,  MacDonald  has 
shown  that  in  addition  to  the  singlet-state  transi¬ 
tions,  two  triplet-state  transitions  are  allowed  [13]. 
In  this  limit,  one  of  these  transitions  coincides  in 
energy  with  the  AM  =  +1  singlet  transition, 
whereas  the  other  lies  below  the  cyclotron  reso¬ 
nance  (CR)  energy. 

In  this  paper,  we  present  detailed  studies  of  a 
new  spectral  feature  not  previously  reported.  This 
feature  exhibits  quasi-2D  behavior  and  appears 
on  the  low  frequency  side  of  cyclotron  resonance 
with  approximately  the  same  magnetic  field  de¬ 
pendence  as  CR.  We  have  also  extended  our 
earlier  studies  to  include  the  temperature  depen¬ 
dence  of  the  various  spectroscopic  features  (D°, 
D~,  and  CR)  over  a  wide  range  of  excess  electron 
densities.  The  observed  absorption  profiles  of 
D“,  D°,  and  CR  at  several  temperatures  have 
been  fitted  with  Lorentzian  lineshapes  to  extract 
the  integrated  intensities,  which  are  proportional 
to  the  occupancy  of  the  various  states.  Results 


are  compared  with  a  calculation  that  includes  the 
probability  of  both  single  and  double  occupancy 
of  a  particular  donor  site  in  thermal  equilibrium 
in  high  magnetic  field. 

Samples  were  MBE-grown  multiple-quantum- 
well  (MQW)  structures  (20  periods).  The  nominal 
well/barrier  width  is  200  A/600  A.  Silicon  donors 
were  S-doped  at  the  centers  of  the  wells  and  the 
barriers.  The  doping  concentration  in  the  wells, 
2  X  10 10  cm-2,  was  kept  the  same  for  all  samples, 
while  the  doping  concentrations  in  the  barriers 
are  2  X  1010,  3.5  X  1010,  4.0  X  1010,  and  1.5  X  1011 
cm2,  for  samples  1  to  4,  respectively.  Far  infrared 
magneto-transmission  experiments  were  carried 
out  with  Fourier  transform  spectrometers  and  a  9 
T  superconducting  magnet.  The  sample  tempera¬ 
ture  varied  from  4.2  to  50  K.  Samples  were  tilted 
away  from  the  field  direction  in  order  to  separate 
the  quasi-2D  D_  feature  from  the  bulk  D°  (Is— 
2p+)  transition  since  these  two  features  are  only 
2-3  cm-1  apart  when  the  sample  is  not  tilted. 
The  spectra  were  taken  after  cross-bandgap  illu¬ 
mination  from  an  in-situ  light-emitting-diode  to 
remove  electrons  from  the  traps  in  the  barriers 
and  to  introduce  them  into  the  D°  and  D-  sites 
in  the  wells  [8]. 

Temperature  dependence  of  transmission 
spectra  for  sample  2  is  shown  in  Fig.  1.  Strong 
absorption  lines  from  CR  and  D"  singlet  transi¬ 
tion  are  seen  at  low  temperature.  At  11  K,  a  new 
feature  (labeled  A)  appears  at  94  cm-1,  13  cm'1 
below  CR.  While  the  D“  line  diminishes  rapidly 
with  increasing  temperature,  feature  A  grows  with 
temperature  up  to  ~  20  K.  Above  20  K,  feature 
A  decreases  in  strength.  This  behavior  is  sugges¬ 
tive  of  a  population  process  in  which  electrons 
are  thermally  excited  to  a  higher  bound  state. 
This  bound  state  is  approximately  1. 7-2.2  meV 
(20-25  K)  higher  than  the  singlet  ground  state. 
The  magnetic  field  dependence  of  feature  A, 
similar  in  slope  to  CR,  is  indicated  in  the  insert  in 
Fig.  1. 

The  circular  polarization  selection  rule  was 
studied  for  transition  A  at  118.8  ^m  (84  cm-1) 
with  a  FIR  laser  and  a  circular  polarizer  placed 
in  front  of  the  sample.  From  measurement  of  the 
electron  CR  transition,  it  was  determined  that 
the  laser  beam  after  the  polarizer  was  90%  circu- 
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Fig.  1.  Transmission  spectra  of  sample  2  (NB  =  3.5  X 1010 
cm-2)  at  several  temperatures.  The  sample  was  tilted  27° 
away  from  the  field  direction.  Feature  A  exhibits  two-dimen¬ 
sional  behavior  and  is  13  cm-1  below  the  peak  of  CR  transi¬ 
tion.  Field  dependence  of  A  and  CR  are  indicated  in  the 
insert  (this  set  of  data  was  taken  without  tilting  the  sample). 

larly  polarized.  Results  show  that  feature  A  has 
the  same  selection  rule  as  the  electron  CR-active 
sense  of  circular  polarization. 

When  the  barrier  doping  concentration  is  >  8 
X  1010  cm-2,  feature  A  is  observed  even  at  4.2  K 
(Fig.  2).  The  strength  of  this  line  decreases  rapidly 
with  increasing  temperature.  This  again  suggests 
that  feature  A  is  a  bound-state  transition. 

Theoretical  calculations  [12,13]  show  that  there 
are  four  bound  states  associated  with  the  lowest 
Landau  level  (one  singlet  and  three  triplet  states) 
for  2D  D“  ions  at  high  magnetic  field.  The 
singlet  bound  state  has  a  total  azimuthal  angular 
momentum  quantum  number  M  =  0;  the  triplet 
bound  states  have  total  azimuthal  angular  mo¬ 
mentum  Af=  —  1,  —2,  and  -3.  We  denote  the 
single-particle  states  by  Landau  quantum  number 
/  and  azimuthal  angular  momentum  m  for  elec¬ 
tron  1  and  2  as  (/3 mv  1 2m2 )•  The  total  angular 
momentum  is  M  =  m1+ra2.  The  singlet  and 
triplet  D_  states  are  the  symmetric  and  antisym¬ 
metric  spatial  combinations  of  the  two  single-par¬ 
ticle  states,  respectively.  The  transition  selection 


rule  for  radiation  with  electron  CR  active  sense 
of  polarization  is  A M=  +1.  Thus  an  electron  in 
the  singlet  ground  state  M  =  0  can  make  a  transi¬ 
tion  only  to  the  M  =  1  singlet  state.  In  the  single 
particle  notation,  the  initial  state  of  this  transi¬ 
tion  is  (00,  00)  and  the  final  state  is  (00,  11).  An 
electron  in  the  triplet  M  =  - 1  ground  state  can 
make  a  transition  only  to  the  M  =  0  excited  triplet 
state.  The  initial  state  of  this  transition  is  (00, 
0  —  1),  and  there  are  two  possible  final  states:  (00, 
10)  and  (11,  0-  1).  Since  electrons  with  higher 
angular  momenta  are  less  likely  to  bind  in  the 
Coulomb  potential,  the  (11,  0-1)  state  is  ex¬ 
pected  to  have  higher  energy  than  the  (00,  10) 
state.  Analytical  results  for  the  strictly  2D,  high 
field  limit  [13]  show  that  the  singlet  transition  (00, 
00)  ->(00,  11)  occurs  at  energy  ha)c  +  e0( 0)/2, 
where  ha)c  is  the  cyclotron  resonance  energy,  and 
60(0)  is  the  magnetic  field  dependent  binding 
energy  of  a  neutral  D°  impurity.  The  triplet  tran¬ 
sition  (00,  0  -  1)  — >  (00,  10)  occurs  at  h(oc  - 
eo(0)/4,  and  (00,  1-1) ->(11,  0-1)  occurs  at 
ha)c  +  e0( 0)/2.  Note  that  the  singlet  transition 
(00,  00)  -»(00,  11)  and  the  triplet  transition  (00, 
1  —  1) ->(11, 0-1)  have  exactly  the  same  energy. 


Fig.  2.  Temperature  dependence  of  transmission  spectra  of 
sample  4  (NB  =  1.5 X 1011  cm-2)  Feature  A  is  only  observed 
at  low  temperatures. 
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This  energy  is  also  the  ls-2p+  transition  energy 
of  a  2D  D°  [17].  Thus  in  the  limit  of  infinite 
magnetic  field  the  Coulomb  correlations  are  not 
optically  detectable,  as  expected  from  Kohn’s 
theorem  [18].  At  finite  (lower)  magnetic  field  the 
mixing  between  different  Landau  levels  by  the 
Coulomb  potential  reduces  the  transition  energy, 
thus  the  D~  singlet  transition  takes  place  with  an 
energy  between  CR  and  the  D°  transition,  as  has 
been  observed  in  the  experiments. 

The  energy  difference  between  the  lowest  sin¬ 
glet  state  (00,  00)  and  the  lowest  triplet  state  (00, 
0  -  1)  is  A  E  =  0.1464eo(0)  [13]  For  a  200  A  quan¬ 
tum  well  at  8  T,  e0(0)  is  approximately  15  meV 
[19],  thus  assuming  all  energies  can  be  scaled  by 
£0(0)  as  the  system  deviates  from  strictly  2D  be¬ 
havior,  AE  ~  2.2  meV.  This  energy  is  consistent 
with  that  estimated  from  the  temperature  depen¬ 
dence  of  the  feature  A.  This  result,  combined 
with  the  quasi-2D  nature,  the  bound  state  behav¬ 
ior,  and  the  polarization  selection  rule,  are  con¬ 
sistent  with  feature  A  being  the  triplet  transition 
(00,  0  -  1)  ->  (00,  10).  The  other  triplet  transition, 
as  has  been  shown  from  the  calculation,  occurs  at 
an  energy  close  to  the  singlet  transition,  and  the 
two  features  may  not  be  resolvable.  For  large 
excess  barrier  doping  densities  in  which  feature  A 
is  seen  only  at  low  temperature,  it  is  not  clear 
why  the  D”  triplet  ground  state  should  be  fa¬ 
vored  in  a  many-electron  environment.  One  pos¬ 
sibility  is  that  screening  by  excess  electrons  is 
more  effective  for  the  Coulomb  repulsion  of  the 
triplet  electrons  (further  apart  on  average  than 
the  singlet  electrons)  than  the  singlet  electrons, 
leading  to  a  deeper  triplet  ground  state.  More 
detailed  theoretical  analysis  is  required  to  ad¬ 
dress  this  point. 

Another  important  aspect  of  D~  ions  is  the 
statistical  population  of  two  electrons  in  various 
impurity  states  in  thermal  equilibrium.  We  have 
studied  the  evolution  of  the  relative  change  of 
absorption  strength  for  D_,  D°,  and  CR  transi¬ 
tion  as  a  function  of  temperature.  Fig.  3  displays 
the  spectra  taken  from  sample  1.  Three  features 
of  interest  are  simultaneously  observed.  Bulk  CR 
(125  cm-1)  and  the  bulk  related  donor  ls-2p+ 
transition  (159  cm-1)  from  the  substrate  are  also 
present.  To  extract  information  about  the  num- 


Fig.  3.  The  evolution  of  transition  intensities  of  CR,  D  and 
D°  as  a  function  of  temperature.  Data  taken  from  sample  1 
(NB  =  2x  1010  cm"2). 

ber  of  carriers,  five  Lorentzian  lines  were  used  to 
fit  the  absorption  profiles.  The  area  of  the  indi¬ 
vidual  Lorentzian  lineshape  is  proportional  to  the 
carrier  density,  N(T),  at  temperature  7,  and  the 
oscillator  strength,  /,  of  the  corresponding  transi¬ 
tion.  Since  the  oscillator  strengths  of  D“  and  D° 
in  a  magnetic  field  are  not  known,  the  area  of 
each  absorption  profile  (a f>N(T))  is  ratioed  to 
the  corresponding  area  at  4.2  K  (oc/*  N(4.2  K)). 
Since  /  is  not  a  function  of  temperature,  the 
ratio  gives  the  relative  density  at  T  with  respect 
to  the  density  at  4.2  K.  N(T)/N(4.2  K)  versus 
temperature  is  plotted  in  Fig.  4.  It  can  be  seen 
that  the  initial  increase  in  temperature  depopu¬ 
lates  the  D~  state  rapidly,  and  at  the  same  time 
populates  both  Landau  states  and  D°  states.  This 
indicates  that  one  of  the  electrons  of  a  D_  impu¬ 
rity  is  thermally  promoted  to  the  conduction  band, 
and  at  the  same  time  a  neutral  D°  impurity  is 
created.  At  higher  temperature  the  electron  that 
is  left  behind  in  a  D°  site  becomes  free.  As  a 
result,  we  see  a  decrease  in  D°  and  an  increase  in 
CR  when  the  temperature  exceeds  15  K. 

We  have  performed  a  simple  statistical  calcu¬ 
lation  in  which  a  donor  impurity  was  modeled  as 
having  only  three  possible  states:  no  occupancy, 
single  occupancy,  and  double  occupancy.  Excited 
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Fig.  4.  The  relative  occupancy  of  D“  ions,  D°  neutral  donors 
and  free  electrons  in  the  Landau  levels  as  a  function  of 
temperature.  Solid  lines  are  a  guide  to  the  eye.  Results  from  a 
statistical  calculation  are  shown  in  the  insert. 

states  were  not  taken  into  account.  The  number 
density  of  these  states  was  solved  numerically 
from  the  equation  of  conservation  of  total  num¬ 
ber  of  electrons,  with  the  measured  free  electron 
density  3  X  109  cm"2,  and  neutral  donor  density 
3.8  X  109  cm-2  at  4.2  K.  The  total  carrier  concen¬ 
tration  is  1.5  X  10 10  cm-2.  The  D°  binding  energy 
is  15  meV  [19]  and  D"  binding  energy  is  4  meV 
[10]  at  8  T.  It  was  assumed  that  90%  of  the 
electrons  were  transferred  from  the  barrier  into 
the  well.  Results  (insert  of  Fig.  4)  are  in  qualita¬ 
tive  agreement  with  the  measurements. 

In  summary,  we  have  carried  out  detailed  mag¬ 
neto-spectroscopic  studies  of  a  new  feature  in 
well  center  and  barrier  center-doped  MQWs.  The 
properties  of  the  new  feature  are  consistent  with 
the  triplet  transition  of  D"  centers  [13].  The 
relative  occupancy  of  D“  and  D°  impurity  states, 
and  Landau  levels  as  a  function  of  temperature 


has  demonstrated  the  process  of  creating  both 
free  electrons  and  D°  impurities  from  D"  ions. 
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Abstract 

We  study  a  negative-donor  center  (D“)  in  a  GaAs/AlGaAs  superlattice  in  high  magnetic  fields  along  the  growth 
axis.  The  energy  levels  of  the  D“  states  are  calculated  by  a  variational  approach  using  a  trial  wave  function  which  (1) 
includes  electron-electron  (e-e)  correlation  for  the  superlattice  case,  (2)  with,  and  (3)  without  e-e  correlation  for 
the  situation  of  a  quantum  well  (GW).  Polaron  effects  are  included  within  second-order  perturbation  theory.  A 
detailed  comparison  is  made  of  the  calculated  transition  and  binding  energies  with  the  measured  data  of  Huant  et  al. 
[4].  We  found  that  these  experimental  results  should  be  interpreted  as  the  transition  energy  between  two  D  states. 


1.  Introduction 

Shallow  donors  (D°)  in  semiconductors  have 
been  the  subject  of  considerable  investigation  in 
recent  years  [1].  In  analogy  with  H~  ions  [2], 
these  donors  can  bind  an  extra  electron  to  form 
negative  ions,  which  are  referred  to  as  D“  cen¬ 
ters,  and  which  have  been  observed  in  bulk  GaAs 
[3]  and  in  GaAs  superlattices  [4-7].  These  experi¬ 
ments  have  motivated  many  theoretical  studies 
[8-13]. 

Using  a  Monte  Carlo  approach,  Pang  and 
Louie  [8]  have  studied  the  ground  state  of  the  D~ 
center  in  a  QW.  In  Refs.  [9-12]  the  variational 
method  was  applied  to  calculate  the  ground  state 
and  the  lowest  excited  states.  Although  there 
have  been  a  great  many  theoretical  studies  of  the 
D"  center,  until  now  we  are  unaware  of  any 
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calculation  of  the  D~  states  in  a  superlattice.  At 
present  all  experiments  on  the  D“  center  in  a 
quasi-two-dimensional  system  are  done  in  multi¬ 
quantum  wells  and  superlattices.  Polaron  effects 
on  the  D~  center  in  QWs  have  been  discussed  in 
Refs.  [11,12],  Here  we  found  that  these  calcula¬ 
tions  underestimated  these  effects  systematically. 

In  this  paper,  we  report  on  a  study  of  the  D- 
center  in  a  GaAs  superlattice.  The  binding  and 
transition  energies  of  the  D  "  center  are  obtained 
as  a  function  of  the  magnetic  field.  To  obtain  the 
unperturbed  D-  energies  a  variational  approach 
is  used  in  Section  2,  where  we  compare  the 
results  from  three  different  wave  functions.  Po¬ 
laron  corrections  are  calculated  within  second- 
order  perturbation  theory  in  Section  3  based  on 
an  extension  of  the  method  given  by  Platzman 
[14]  for  a  bound  polaron.  In  Section  4  a  detailed 
comparison  of  our  results  is  made  with  the  exper¬ 
imental  data  of  Ref.  [4];  we  found  that  they 
should  be  interpreted  as  being  the  transition  en¬ 
ergy  between  two  D“  states. 
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2.  Variational  calculation 


In  the  effective-mass  approximation  and  in  the 
absence  of  electron-phonon  interaction,  a  D~ 
center  at  the  well  center  of  GaAs/  Al^Ga^As 
superlattice  in  a  magnetic  field  along  the  growth 
axis  (the  z  axis)  is  described  by  the  Hamiltonian 

HWvr2)=He(ri)+He(r2)  +  — ,  (1) 

7  12 

where  Hir ,)  is  the  shallow  donor  Hamiltonian 

c  J 

for  the  yth  electron  given  by 


He(rj)  =  ~ 


m*(zj) 


Vj2+iy 


-7  +  n*j).  (2) 

rj 


and  the  superlattice  potential  is  modelled  by  a 
square-well  potential 


V(zj)  = 


0,  I  Zj  I  <  w/2, 

VQ,  w/2<Zj<w/2  +  b, 


which  is  periodically  repeated  (i.e.,  V(z)  =  V[z  + 
n(w  +  b )])  with  w  the  well  width,  b  the  barrier 
width,  n  an  integer  and  V0  the  barrier  height 
given  by  60%  of  the  energy-gap  difference  be¬ 
tween  the  two  semiconductors.  Here  we  have 
used  cylindrical  coordinates  (p,  z)  whose  ori¬ 
gin  is  at  the  well  center.  The  effective  Bohr 
radius  in  GaAs  =  h2e0/mwe2  =  98.7  A  is  taken 
as  the  unit  of  length,  the  effective  Rydberg  R  *  = 
e2/2e0a$  =  5.83  meV  as  the  unit  of  energy,  and 
y  =  ha>c/2R*  ( (oc  the  electron  cyclotron  fre¬ 
quency)  as  the  unit  of  the  magnetic  field.  m*(z) 
is  the  electron  effective  mass:  in  the  GaAs  wells 
mw/me  =  0.067;  in  the  Al/ja^As  barriers 
mh/me  =  0-067  +  0-083 jc.  e0  =  12.5  is  the  static 
dielectric  constant  of  GaAs,  which  is  assumed  to 
be  the  same  in  both  materials.  The  position  of 
the  ;th  electron  is  indicated  by  rj  =  (pj  +  zf)l/2, 
pj  =  (xj  +  yf)l/2  being  the  distance  in  the  x-y 
plane,  and  rn  is  the  distance  between  the  two 
electrons. 

The  Schrodinger  equation  with  the  Hamilto¬ 
nian  Hee(rv  r2)  cannot  be  solved  exactly;  we 
relied  on  a  variational  approach  to  calculate  the 


energy  levels  and  wave  functions  of  the  D“  cen¬ 
ter.  The  following  Chandrasekhar-type  varia¬ 
tional  functions  are  used  for  the  D“  states 

%Ar  1’  r2 )  =  \'Pi(ri)'l'j(r2)  +  *l>j(r1)tl>i(r2)\ 

x[l+  n(zl-z2)2  +  v(pl-p2)2\, 

(4) 

where  in  the  present  work  we  take  the  inner 
orbitals  ^  always  of  a  similar  form  as  that  of  the 
donor  ground  state,  and  the  outer  orbitals  vary 
depending  on  the  states:  for  the  ground  state  it  is 
of  the  same  form  as  and  for  the  lowest  sym¬ 
metric  state  it  is  like  that  of  the  donor  2p-  state. 
We  study  this  excited  state  which  has  the  same 
spin  configuration  as  the  ground  state  since  the 
spin  configuration  cannot  be  changed  in  an  opti¬ 
cal  experiment.  if/i  (if/j)  is  taken  to  be  p|m|/(z) 
exp(im^)  -  £p2  -  r]z2)  with  f(z)  the  wave  func¬ 
tion  of  the  lowest-energy  (Ez  l)  solution  of  the 
superlattice.  The  terms  (zl  -z2)2  and  (p:  -p2)2 
in  Eq.  (4)  describe  e-e  correlation  in  the  D" 
center.  Thus,  there  are  six  variational  parameters 
(£/?  7}iy  rj  j,  p,,  v)  in  %j  which  minimize  the 
energies  of  the  D"  states 

0  ’  r2)l#e,eOl>  r2)\%,j(rl’  r_2  )> 

<  (  rl  >  r2>  I  r  1  >  r2>  > 

(5) 

In  Fig.  1  we  present  the  binding  energies  of 
the  two  D~  states  (,//,Sjls>  ^,S;2p  -)  as  a  function  of 
the  magnetic  field  in  a  superlattice  with  the  fol¬ 
lowing  material  parameters:  x  =  0.25,  and  w  =  b 
=  100  A  (solid  curves).  These  are  compared  to 
the  corresponding  results  in  an  x  =  0.25,  w  =  100 
A  QW  for  the  wave  functions  with  (dashed  curves) 
and  without  (dotted  curves,  p  =  v  =  0)  e-e  corre¬ 
lation  terms.  Notice  that:  (1)  the  binding  energies 
of  these  two  states  are  defined  by 

£,b'nding  =  £,0s(D°)  +  ExA  +  \hcoc  -  E*J,  (6) 

with  .Ef/D0)  the  energy  of  the  D°  ground  state 
[15];  (2)  the  binding  energy  of  I  Is,  Is)  is  an 
increasing  function  of  the  magnetic  field  and  this 
state  is  always  bound,  while  the  excited  state  is 
not  bound  and  has  an  opposite  E-dependence, 
which  is  consistent  with  the  conclusion  of  Ref. 
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MAGNETIC  FIELD  y 

Fig.  1.  Binding  energies  (in  units  of  R  *)  of  the  |  Is,  Is)  and 
|  Is,  2p">  states  of  the  D“  center  at  the  well  center  of  a 
GaAs/Al0  25Ga0  75As  superlattice  with  w  =  b  =  100  A  (solid 
curves)  versus  magnetic  field  y.  The  corresponding  results 
from  the  wave  functions  with  (dashed  curves)  and  without 
(dotted  curves)  e-e  correlation  terms  in  the  QW  are  also 
plotted. 

[13]  for  the  2D  case;  (3)  the  binding  energy  in  the 
superlattice  case  is  appreciably  decreased  as  com¬ 
pared  to  that  of  the  QW;  (4)  e-e  correlation 
becomes  more  important  with  increasing  mag¬ 
netic  field  strength.  This  is  a  result  of  the  fact 
that  the  magnetic  field  forces  the  electrons  closer 
to  the  Si-donor  and  consequently  closer  to  each 
other;  and  (5)  a  small  difference  of  the  binding 
energies  of  the  D“  ground  state  in  the  QW 
between  the  present  paper  and  Ref.  [11]  for  the 
case  of  the  variational  function  without  e-e  cor¬ 
relation  is  due  to  the  fact  that  different  varia¬ 
tional  functions  were  used:  a  Gaussian  function 
in  the  present  case,  and  a  Gaussian  plus  expo¬ 
nential  one  in  Ref.  [11]. 

3.  Polaron  correction 

For  superlattices  with  not  too  narrow  wells  it  is 
a  good  approximation  to  include  only  GaAs 
bulk-phonon  modes  in  the  calculation  [15,16]. 
Therefore,  the  electron-phonon  interaction  for  a 
D-  center  in  our  system  can  be  described  by  the 
Frohlich  Hamiltonian 

#:(/-!,  r2)  =  E  [We'*'1  +  ^  +  h-c]  > 

<? 

(7) 


where  &  ,  (bp  is  the  annihilation  (creation)  oper¬ 
ator  of  a  LO  phonon  with  momentum  fiq  and 
energy  ho)q ,  and  \Vq\2  =  4i Ta(h(oh0)3/2/q20 
with  fl  the  volume.  For  GaAs  we  take  h(oq  — 
hco lo  =  36.25  meV,  and  the  electron-phonon 
coupling  constant  a  =  0.068. 

Because  GaAs  is  a  weak  polar  material,  we 
can  use  second-order  perturbation  theory  to  cal¬ 
culate  the  polaron  correction  to  the  energy  of  the 
|  i,  j)  state  of  the  D“  center: 


y  y  \<f1 g|#i (ry  r2)|L ./;  °>l 
(,  V)  \  ^lo+ E9,  j,-E9j 

(8) 

In  principle  we  should  include  all  the  D  “ 
(|  i',  /'»  states  in  Eq.  (8)  which  is  a  formidable 
task.  Nevertheless,  it  turns  out  to  be  possible  to 
evaluate  Eq.  (8)  approximately  in  such  a  way  that 
one  needs  to  know  only  a  few  relevant  states 
[14,17]. 

Using  the  method  of  Ref.  [14]  one  can  rewrite 
Eq.  (8)  into  three  terms:  the  first  is  the  leading 
term  (-4ah<oLO)  which  is  the  value  of  a  bipo- 
laron  state  in  the  absence  of  any  field,  the  second 
becomes  zero  in  the  approximation  of  raw  =  rab, 
and  the  third  contains  a  sum  over  all  the  D" 
states.  The  last  term  can  be  approximated  by  an 
upper  and  a  lower  bound.  As  a  consequence  we 
are  able  to  obtain  the  minimum  and  maximum 
polaron  correction  to  the  energy  of  the  ground 
state  and,  thus,  also  the  maximum  polaron  shift 
to  the  transition  energy  between  the  two  D~ 
states  in  the  non-resonant  region.  Notice  that  in 
Refs.  [11,12]  only  a  finite  number  of  states  were 
included  in  the  sum  which  turns  out  to 

underestimate  the  polaron  effects  considerably. 


4.  Comparison  with  experiments  and  conclusions 

We  now  compare  our  results  with  the  experi¬ 
mental  data.  In  Fig.  2  the  solid  dots  are  the 
measured  values  which  are  referred  to  as  being 
the  binding  energies  of  the  ground  state  of  a  D~ 
center  in  an  x  =  0.25,  w  =  b  =  100  A  superlattice 
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Fig.  2.  Binding  energy  of  the  D-  ground  state  in  an  x  =  0.25, 
w  =  b  =  100  A  superlattice  (solid  curves)  with  (in  the  upper 
group)  and  without  (in  the  lower  group)  polaron  correction 
within  the  leading  term  approximation  compared  to  the  exper¬ 
imental  data  (solid  dots)  in  Ref.  [4].  The  corresponding  results 
from  the  wave  functions  with  (dashed  curves)  and  without 
(dotted  curves)  correlation  terms  are  also  depicted  for  the 
QW  case. 


by  Huant  et  al.  [4].  The  calculated  results  without 
polaron  effect  (the  lower  group  of  curves)  are 
much  lower  than  these  data,  especially  for  the 
superlattice  case  (solid  curve).  The  computer  sim¬ 
ulations  of  Ref.  [8]  for  the  QW  were  closer  to  the 
experimental  results  but  no  polaron  effect  was 
included. 

In  order  to  correctly  describe  the  polaron  cor¬ 
rection  to  the  binding  energy  of  the  D"  center 
one  has  to  study  the  polaron  effects  on  three 
different  systems:  (1)  the  D“  center  [11,12];  (2) 
the  D°  donor  [15];  and  (3)  the  free  electron 
[18,19],  Within  the  leading-term  approximation 
we  can  obtain  the  minimum  polaron  shift, 
-2 ah(x)LO,  to  the  binding  energy  of  the  D“ 
ground  state  since  it  is  known  that  the  polaron 
energy  shift  to  a  bipolaron  at  B  =  0  is  propor¬ 
tional  to -4 ah(oLO,  while  to  the  single  donor 
state  and  the  free  electron  it  is  each  time  propor¬ 
tional  to  -aho)LQ.  The  theoretical  results  with 
this  correction  are  given  in  Fig.  2  by  the  upper 
group  of  curves.  Notice  that:  (1)  the  polaron 
correction  increases  greatly  the  binding  energy, 
therefore  it  is  very  important  to  the  formation  of 


Fig.  3.  Transition  energy  of  |  Is,  Is)  ->  |  Is,  2p”  >  as  function  of 
magnetic  field  in  an  x  -  0.25,  w  =  b  =  100  A  superlattice  with 
(thick)  and  without  (thin  solid  curve)  polaron  correction  com¬ 
pared  to  the  experimental  data  (solid  dots)  in  Ref.  [4].  The 
corresponding  results  from  the  wave  functions  with  (dashed 
curves)  and  without  (dotted  curves)  correlation  terms  are  also 
plotted  for  the  QW  case. 

the  D-  center;  and  (2)  the  experimental  results 
are  not  explained  as  the  binding  energy  of  the 
D_  center. 

In  Fig.  3  we  plot  the  transition  energy  for 
I  Is,  Is)  — >  |  Is,  2p_  )  with  (thick)  and  without  (thin 
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Fig.  4.  Transition  energy  of  |ls,  Is)  ->  |  Is,  2p~  >  as  function  of 
magnetic  field  in  an  x  =  0.25,  w  =  b  =  100  A  superlattice.  The 
dotted  curve  is  in  the  absence  of  any  correction,  the  dashed 
curve  with  polaron  effect,  and  the  solid  curve  with  the  effects 
of  polaron  and  band  non-parabolicity.  The  solid  dots  are  the 
experimental  results  from  Ref.  [4]. 
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curves)  polaron  correction  and  compare  them 
with  the  previous  experimental  data.  Notice  that: 
(i)  a  very  good  agreement  is  found,  especially  for 
the  superlattice  case;  (ii)  a  small  polaron  correc¬ 
tion  is  obtained  due  to  the  fact  that  the  leading 
term  of  the  polaron  corrections  to  the  energy 
levels  of  the  D  “  states  cancel  each  other,  and  (iii) 
the  e-e  correlation  is  particularly  important  in 
the  high  magnetic  field  region. 

Finally  we  discuss  the  effect  of  band  non- 
parabolicity  on  the  transition  energy  of  the  D" 
center  by  using  the  standard  Kane  model  [17], 
which  is  given  by  Enp  =  Eg[-1  +  (1  +  2 Ep/ 
Eg)1/ 2],  where  Enp  and  Ep  are  the  D“  center 
energies  with  and  without  the  effect  of  band 
non-parabolicity,  respectively,  and  Eg  =  1520 
meV  is  the  energy  gap  of  GaAs.  Here  we  have 
taken  half  of  the  D  “  energy  as  the  energy  of  the 
single  electron.  The  results  are  plotted  in  Fig.  4 
by  the  solid  curve  which  shows  that  this  effect  on 
the  transition  energy  is  very  small  which  is  a 
consequence  of  the  fact  that  the  energy  differ¬ 
ence  of  these  two  states  is  small. 


5.  Acknowledgements 

One  of  us  (F.M.P.)  is  supported  by  the  Bel¬ 
gium  National  Science  Foundation.  This  work  is 
sponsored  by  Fonds  voor  Kollektief  Funda- 
menteel  Onderzoek,  Belgium  project  No. 
2.0093.91,  “Diensten  voor  the  Programmatie  van 
het  Wetenschapsbeleid”,  Belgium,  under  Con¬ 
tract  No.  IT/SC/24. 


6.  References 

[1]  H.  Kamimura  and  H.  Aoki,  The  Physics  of  Interacting 
Electrons  in  Disordered  Systems  (Clarendon,  Oxford, 
1989); 

See  also,  e.g.,  articles  in:  High  Magnetic  Fields  in  Semi¬ 
conductor  Physics  II,  Ed.  G.  Landwehr  (Springer,  Berlin, 
1989). 

[2]  H.A.  Bethe  and  E.E.  Salpeter,  Quantum  Mechanics  of 
One-  and  Two-Electron  Atoms  (Springer,  Berlin,  1957). 

[3]  C.J.  Armistead,  S.P.  Najda,  R.A.  Strading  and  J.C.  Mann, 
Solid  State  Commun.  53  (1985)  1109. 

[4]  S.  Huant,  S.P.  Najda  and  B.  Etienne,  Phys.  Rev.  Lett.  65 
(1990)  1468. 

[5]  A.  Mandray,  S.  Huant  and  B.  Etienne,  Europhys.  Lett. 
20  (1988)  181. 

[6]  E.  Glaser,  B.V.  Shanabrook,  R.L.  Hawkins,  W.  Beard, 
J.M.  Mercy,  B.D.  McCombe  and  D.  Musser,  Phys.  Rev.  B 
36  (1987)  8185. 

[7]  S.  Holmes,  J.P.  Cheng,  B.D.  McCombe  and  W.  Schaff, 
Phys.  Rev.  Lett.  69  (1992)  2571. 

[8]  T.  Pang  and  S.G.  Louie,  Phys.  Rev.  Lett.  65  (1990)  1635. 

[9]  E.R.  Mueller,  D.M.  Larsen,  J.  Waldman  and  W.D. 
Goodhue,  Phys.  Rev.  Lett.  68  (1992)  2204. 

[10]  X.  Xia  and  J.J.  Quinn,  Phys.  Rev.  B  46  (1992)  12530. 

[11]  J.M.  Shi,  F.M.  Peeters  and  J.T.  Devreese,  Physica  B  184 
(1993)  417. 

[12]  A.B.  Dzyubenko  and  A.Y.  Sivachenko,  unpublished. 

[13]  D.M.  Larsen  and  S.Y.  McCann,  Phys.  Rev.  B  45  (1992) 
3485. 

[14]  P.M.  Platzman,  Phys.  Rev.  125  (1962)  1961. 

[15]  J.M.  Shi,  F.M.  Peeters,  G.Q.  Hai  and  J.T.  Devreese, 
Phys.  Rev.  B  44  (1991)  5692. 

[16]  G.Q.  Hai,  F.M.  Peeters  and  J.T.  Devreese,  Phys.  Rev.  B 
47  (1993)  10358. 

[17]  J.P.  Cheng,  B.D.  McCombe,  J.M.  Shi,  F.M.  Peeters  and 
J.T.  Devreese,  Phys.  Rev.  B  48  (1993)  7910. 

[18]  F.M.  Peeters  and  J.T.  Devreese,  Phys.  Rev.  B  31  (1985) 
3689. 

[19]  X.G.  Wu,  F.M.  Peeters  and  J.T.  Devreese,  Phys.  Rev.  B 
34  (1986)  8800. 


surface  science 


ELSEVIER 


Surface  Science  305  (1994)  225-229 


Negatively  charged  excitons  X  in  the  electron  gas 
in  CdTe/Cd^Zn^Te  quantum  wells 

K.  Kheng  a,  R.T.  Cox  *’a,  Y.  Merle  d’Aubigne  b,  M.  Mamor  b,  N.  Magnea  a, 
H.  Mariette  b,  K.  Saminadayar  a,  S.  Tatarenko  b 

a  CEA  /Departement  de  Recherche  Fondamentale  sur  la  Matiere  Condensee ,  B.P .  85X,  38041,  Grenoble  Cedex,  France 
b  Laboratoire  de  Spectrometrie  Physique,  CNRS  /  Universite  J.  Fourier,  B.P.  87,  38402,  Saint  Martin  d’Heres  Cedex,  France 

(Received  16  April  1993;  accepted  for  publication  28  June  1993) 


Abstract 

Negatively  charged  excitons  (two  electrons  bound  to  one  hole),  X",  are  identified  for  the  first  time  in 
semiconductor  quantum  wells.  The  optical  transition  corresponding  to  creation  of  X"  is  identified  ~  3  meV  below 
the  free  exciton  line  X  in  the  magneto-transmission  spectra  of  CdTe/Cd1_JCZnxTe  quantum  well  heterostructures  in 
which  a  dilute  electron  gas  has  been  produced  either  by  optical  excitation  or  by  modulation  doping. 


1.  Introduction 

The  initial  effect  of  the  two-dimensional  elec¬ 
tron  gas  (2DEG)  on  excitons  is  usually  considered 
to  be  a  reduction  of  the  excitonic  binding  energy 
by  the  screening  and  phase-space  filling  effects. 
This  gives  the  well-known  Mahan  exciton  or  Fermi 
edge  singularity  enhancement  in  the  optical  ab¬ 
sorption  spectra.  However,  in  a  quantum  well 
(QW)  system  such  as  CdTe/Cd^Zn^Te  where 
the  excitonic  Rydberg  has  a  rather  high  value 
(10.5  meV)  one  can  expect  that  a  first  observable 
effect  of  the  interaction  of  excitons  with  a  dilute 
electron  gas  will  be  the  formation  of  negatively 
charged  excitons,  X".  In  this  paper,  we  report  the 
identification  of  the  species  X-  in  the  magneto¬ 
transmission  spectra  of  (i)  nominally  undoped 
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single  QWs  under  optical  excitation  and  of  (ii) 
modulation-doped  multi-QWs. 


2.  Samples  and  experimental  details 

The  CdTe/Cdj.^Zn^Te  strained  layer  QW 
samples  described  in  this  paper  were  coherently 
grown  by  molecular  beam  epitaxy  directly  on  (001) 
orientation  Cd088Zn012Te  substrates  (samples  2 
and  3)  or  on  a  2  fx m  thick  (001)  Cd086Zn014Te 
buffer  layer  (sample  1).  Sample  1  (Z293)  consists 
of  a  single  180  A  thick  CdTe  well  layer  between 
the  buffer  layer  and  a  1000  A  thick  Cd0  86Zn0 14Te 
barrier  layer.  Samples  2  (ZD  133)  and  3  (ZD130) 
are  CdTe/Cd^ZnJe  (x  *  0.16)  multi-QWs  (10 
periods)  with  identical  well  widths  (100  A)  and 
barrier  widths  (500  A);  the  average  lattice  param¬ 
eter  matches  that  of  the  substrate.  Sample  2  was 
planar  doped  [1]  with  indium  donors  at  the  center 
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of  the  barriers  to  a  nominal  sheet  concentration 
of  4  X  1010  cm"2.  SIMS  profiling  shows  that  any 
broadening  of  the  dopant  plane  is  small  at  the 
scale  of  the  SIMS  resolution  (40  A).  Sample  3  is 
nominally  undoped.  Because  of  the  lattice  mis¬ 
match,  the  CdTe  layers  are  under  strong  biaxial 
compression. 

Transmission  experiments  were  performed  at 
1.7-80  K  in  the  Faraday  configuration  along  the 
QW  growth  direction  in  the  magnetic  field  of  a 
superconducting  coil.  The  samples  were  illumi¬ 
nated  (tungsten  source)  from  the  substrate  side 
so  that  the  QWs  receive  light  filtered  by  the 
substrate.  The  transmitted  light  is  detected 
through  a  circular  polarizer  and  a  monochroma¬ 
tor  by  a  GaAs  photomultiplier.  An  additional 
light  source  (dye-laser)  could  be  directed  onto  the 
front  surface  of  the  sample  in  order  to  create  free 
carriers. 


3.  Results  and  discussion 

We  first  present  the  magneto-transmission  re¬ 
sults  for  the  undoped  single  QW  (sample  1).  The 
substrate  filtering  of  the  incoming  light  ensures 
that  no  (or  very  little)  electron  gas  is  produced 
during  the  first  measurements.  At  2  K  and  10  T, 
the  absorption  spectra  (Fig.  la)  show  only  the 
absorption  line  of  the  (heavy  hole)  exciton  in  the 
well,  labelled  X,  in  both  the  a+  and  a~  polarisa¬ 
tions.  When  the  sample  is  additionally  optically 
excited  with  a  defocused  laser  above  or  near  the 
barrier  bandgap  during  the  transmission  mea¬ 
surement,  a  new  absorption  feature,  labelled  Y, 
appears  in  the  spectrum  (Fig.  lb)  at  2.8  meV 
lower  in  energy  than  line  X.  Quite  low  excitation 
levels  (<1  mW/cm2)  are  sufficient  to  saturate 
the  effect. 

We  propose  that  the  effect  of  the  optical  exci¬ 
tation  is  a  transfer  of  negative  charge  from  ionised 
acceptor  impurities  in  the  barrier  to  produce  a 
dilute  2DEG  in  the  well  and  that  line  Y  is  related 
to  the  presence  of  this  2DEG.  Note  that,  at  low 
temperature,  line  Y  is  much  more  intense  in  the 
a+  polarisation,  which  indicates  that  the  initial 
state  of  the  absorption  transition  is  spin-degener¬ 
ate  (see  later).  In  fact,  this  line  has  often  been 


Fig.  1.  Absolute  optical  density  spectrum  (log  10(1 /transmis¬ 
sion))  of  sample  1  (undoped,  single  180  A  thick  CdTe  QW)  at 
2  K,  10  T.  The  transmitted  light  was  detected  with  circular 
polarizers  cr+  (solid  lines)  and  or~  (dashed  lines):  (a)  Absorp¬ 
tion  without  laser  illumination,  showing  exciton  line  X;  (b) 
Absorption  under  additional  illumination  (defocused  laser), 
showing  a  new  line  Y,  which  is  more  intense  in  the  a+ 
polarisation. 

seen  in  association  with  line  X  in  the  optical 
spectra,  especially  the  emission  spectra,  of 
CdT e /Cd !  _ x Zn xTe  QW  samples  [2].  The  Y-X 
separation  varies  from  ~  1  meV  at  well-width 
700  A  to  ~  3  meV  at  small  well-width,  depen¬ 
dent  on  barrier  height.  It  was  initially  suggested 
that  line  Y  could  represent  the  recombination  of 
the  species  D°X:  excitons  bound  to  neutral  donor 
impurities  present  in  the  CdTe  wells.  However, 
the  D°X  line  has  been  definitively  identified  in 
spectra  of  CdTe/Cd^Zn^Te  QWs  planar  doped 
with  indium  donors  in  the  well  (centre  and  edge) 
[3]  and  is  distinctly  lower  in  energy  than  line  Y 
discussed  here  (e.g.  X-D°X  separation  is  ~  4 
meV  for  well-thickness  180  A).  That  is,  line  Y  is 
definitely  not  associated  with  donors  in  the  wells, 
as  confirmed  by  the  study  of  modulation-doped 
samples  which  we  now  describe. 
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Fig.  2.  Absolute  optical  density  spectra  of  multiple  100  A  well 
samples  (undoped  reference  sample  3  and  modulation-doped 
sample  2)  at  2  K:  (a)  Zero-field  spectra  showing  line  X  and  a 
weak  Y  line  for  sample  3  and  the  FES  peak  for  sample  2;  (b) 
11  T  spectra  in  cr+,  cr~  polarisations;  the  FES  has  trans¬ 
formed  into  two  lines  labelled  X  and  Y,  with  line  Y  com¬ 
pletely  polarised  a+. 


Samples  2  and  3  have  identical  structures  ex¬ 
cept  that  an  indium  dopant  plane  is  placed  at  the 
centre  of  the  barriers  of  sample  2.  Fig.  2  shows 
the  absorption  spectra  of  both  samples  at  0  and 
11  T.  The  absorption  spectrum  of  sample  3  (ref¬ 
erence  sample)  shows,  at  0  T,  the  excitonic  line 
with  a  shoulder  on  the  low  energy  side  corre¬ 
sponding  to  line  Y.  At  11  T,  line  Y  is  again 
polarised  a+  and  the  magnetic  splitting  of  line  X 
is  observed.  On  the  other  hand,  absorption  spec¬ 
tra  of  modulation-doped  sample  2  at  0  T  show  a 
weaker  peak  and,  because  it  merges  into  the 
interband  absorption  continuum,  we  interpret  this 
as  a  Fermi  edge  singularity  (FES).  However  at  11 
T,  the  spectrum  transforms  into  2  narrow  lines 
which  we  again  label  Y  and  X.  Line  Y  is  very 
intense  and  completely  polarised  a+.  The  mag¬ 
netic  splitting  of  line  X  is  observed.  Line  Y,  as 


before,  is  related  to  the  presence  of  the  2DEG  in 
the  QW  and  is  now  more  intense  because  the 
electron  density  has  increased. 

In  CdTe  wells  on  Cd^Zn/Te  substrates,  the 
lattice  mismatch  induces  a  biaxial  compression 
which  splits  the  degeneracy  of  the  valence  band 
maximum  (by  ~  35  meV  for  x  =  0.12),  giving 
decoupled  heavy  hole  ( |  ±  3/2)  Hh)  and  light  hole 
(|  ±  1/2) lh)  states.  Line  X  is  the  EjHHj  heavy 
hole  exciton.  In  the  11  T  magnetic  field,  the 
heavy  hole  doublet  and  the  conduction  electron 
doublet  (|  ±  1/2)  e)  are  split  (Zeeman  splitting). 
Photon  absorption  creates  the  exciton  states 

|  +3/2>hh  I  —  1/2)e  and  |  — 3/2)HH  I  +  1/2)E 

which  are  observed  in  polarisations  a+  and  cr  , 
respectively.  (Note:  in  CdTe  QWs  the  electron 
g-factor  is  —1.6;  the  heavy  hole  g-factor  has 
variable  sign  and  magnitude  [4],  hence  the  inver¬ 
sion  of  the  exciton’s  splitting  between  180  and 
100  A  thickness  in  Figs.  1  and  2). 

By  contrast,  an  absorption  transition  involving 
an  electron  in  the  initial  state  will  be  seen  in  one 
polarisation  only,  since  at  low  temperature  and 
low  filling  factor  only  the  lower  level  |  4- 1  /2)E  of 
the  free  electron  states  is  populated.  The  strong 
polarisation  of  line  Y  at  11  T  in  Fig.  2  demon¬ 
strates  that  an  electron  is  involved  in  the  initial 
state  of  this  absorption.  This  is  the  feature  that 
leads  us  to  attribute  absorption  transition  Y  to 
the  creation  of  the  negatively  charged  exciton 
X”,  that  is  to  the  process  e~  +  hv  The  two 

electrons  in  the  species  X-  have  anti-parallel 
spins  so  that  (see  diagram  in  Fig.  3)  the  angular 
momentum  of  the  final  state  is  that  of  the  ±3/2 
hole. 

The  identification  of  X”  is  supported  by  the 
temperature  dependence  of  the  magneto-absorp¬ 
tion  spectra,  shown  in  Fig.  3  for  sample  2  at  11  T. 
As  expected,  the  intensity  of  line  Y  in  polarisa¬ 
tion  or“  progressively  increases  with  tempera¬ 
ture,  as  level  |  -1/2)E  becomes  thermally  popu¬ 
lated.  (Also  as  expected,  this  depolarisation  effect 
goes  more  rapidly  with  temperature  at  lower 
fields,  not  shown.)  Furthermore,  one  can  then  see 
that  line  Y  has  similar  Zeeman  splitting  to  X, 
which  is  required  by  the  model.  In  Fig.  lb,  line  Y 
appears  in  a~  polarisation  already  at  2  K  be¬ 
cause  the  potential  fluctuations  induced  by 
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Fig.  3.  Temperature  dependence  of  absolute  optical  density  of 
modulation-doped  multi-QW  sample  2  at  11  T.  The  spectra 
are  detected  in  polarisations  a+  (solid  lines)  and  cr~  (dashed 
lines):  Line  Y,  totally  polarised  a+  at  1.7  K,  is  seen  to  appear 
progressively  in  cr~  polarisation  as  the  temperature  increases. 
Diagram  at  left  shows  transitions  creating  X-,  where  ±1/2 
and  +3/2  are  the  angular  momenta  of  the  ground  and 
excited  states,  respectively. 

ionised  donors  randomly  distributed  in  the  barri¬ 
ers  broaden  the  electronic  density  of  states.  In 
the  doped  sample,  broadening  of  the  density  of 

states  is  reduced  because,  first,  the  dopant  is 

0 

concentrated  in  a  plane  placed  at  250  A  from  the 
well  and,  second,  the  potential  fluctuations  are 
screened  by  the  higher  density  2DEG. 

The  existence  of  the  excitonic  negative  ion  X-, 
analogous  to  H“,  was  first  suggested  for  bulk 
semiconductors  by  Lampert  [5].  But  in  3D,  due  to 
the  small  binding  energy  of  the  second  electron 
(<0.055  Ry,  depending  on  the  mass  ratio  me/mh 
[6]),  this  species  has  proved  very  difficult  to  ob¬ 
serve  [7].  However,  theory  predicts  that  the  elec¬ 
tron  affinity  should  be  greatly  increased  by  quan¬ 
tum  confinement,  up  to  0.47  Ry  in  the  2D  limit 
[8].  It  is  this  confinement  effect,  together  with  the 


rather  high  value  of  the  excitonic  Rydberg  in 
CdTe  (10.5  meV)  that  has  allowed  us  to  observe 
the  X"  species.  The  measured  electron  affinity 
(X-Y  separation)  at  zero  magnetic  field  is  2.3 
meV  (0.22  excitonic  Rydbergs)  in  the  dilute  gas  of 
the  180  A  wide  QW  (but  see  Ref.  [9]). 

In  sample  2,  the  carrier  density  is  large  enough 
to  screen  the  Coulomb  interaction,  reducing  dras¬ 
tically  the  second  electron  affinity  so  that  line  Y 
can  not  be  distinguished  from  X  at  0  T;  indeed 
the  two  lines  merge  into  the  FES.  At  11  T, 
however,  Y  and  X  are  well  separated.  This  must 
be  a  consequence  of  magnetic  field  induced  local¬ 
isation  but  we  have  no  detailed  theory  at  present. 

In  conclusion,  we  propose  that  (at  least  for 
materials  systems  having  high  values  of  the  exci¬ 
tonic  Rydberg)  the  first  observable  consequence 
of  the  interaction  of  excitons  with  a  dilute  2DEG 
is  the  formation  of  the  discrete  state  X-,  rather 
than  conventional  exciton  screening.  In  fact,  this 
interpretation  parallels  recent  thinking  about  the 
interaction  of  the  2DEG  with  neutral  donors  D° 
situated  in  a  QW:  in  that  case  the  electrons  first 
form  negatively  charged  D~  centres  [10]  and, 
subsequently,  screened  D"  is  observed  rather 
than  screened  D°  [11].  Actually,  the  essential 
difference  between  X-  and  D_  is  that  now  the 
positive  centre  (hole)  is  mobile  in  the  QW  layer. 
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Abstract 

At  low  temperatures  a  neutral  impurity  is  able  to  capture  a  free  exciton  to  form  a  bound  exciton  state.  The 
capture  process  is  understood  in  bulk  material  as  a  phonon  mediated  relaxation  of  the  free  exciton  through 
successive  excited  states  to  the  ground  state  of  the  bound  exciton.  The  equivalent  mechanism  in  a  confined  system 
has  not  been  specifically  studied  to  date.  In  this  paper  we  present  an  investigation  of  the  exciton  capture  process  in 
GaAs/Al03Ga07  As  quantum  wells  using  a  picosecond  time-resolved  photoluminescence  technique.  We  demon¬ 
strate  that  there  are  significant  differences  in  the  capture  mechanism  for  narrow  quantum  wells  in  comparison  to  the 
bulk.  In  particular  the  capture  efficiency  is  shown  at  first  to  increase  with  temperature.  This  behaviour  is  understood 
in  terms  of  the  role  of  localization  of  the  free  exciton  in  the  potentials  caused  by  the  interface  roughness.  Higher 
temperatures  destroy  this  localization  process  which  otherwise  limits  the  total  capture  rate  for  the  exciton  to  the 
impurity.  We  also  conclude  that  the  distinct  difference  in  the  near  bandgap  low  temperature  excitonic  spectra 
between  bulk  and  confined  material  at  low  and  moderate  doping  levels  can  be  understood  in  terms  of  the 
corresponding  differences  in  impurity  capture  efficiency. 


1.  Introduction 

The  role  of  defects  and  impurities  in  determin¬ 
ing  the  electrical  and  optical  properties  of  low 
dimensional  semiconductors  remains  one  of  the 
primary  concerns  in  the  technological  develop¬ 
ment  of  this  field.  A  detailed  understanding,  in 
particular  of  the  capture  of  free  carriers  and 
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excitons  at  defects,  is  required  for  a  quantitative 
assessment  of  the  effect  of  defects /  impurities  on 
performance.  The  optical  properties  of  low  di¬ 
mensional  semiconductors  are  dominated  by  exci¬ 
ton  recombination.  It  is  therefore  most  relevant 
in  this  case  to  discuss  the  capture  mechanism  for 
free  excitons.  In  this  work  we  make  use  of  reso¬ 
nant  excitation  of  the  free  exciton  at  low  intensi¬ 
ties  thereby  minimizing  the  contribution  of  free 
electrons  and  holes  to  the  capture  and  recombi¬ 
nation  kinetics.  The  capture  process  observed  is 
purely  that  of  the  free  exciton. 
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Despite  the  importance  of  impurity  capture 
processes  for  excitons  in  bulk  material  such 
mechanisms  have  been  discussed  only  on  a  lim¬ 
ited  number  of  occasions  (see  for  example  Refs. 
[1-3]).  A  detailed  study  of  exciton  capture  at 
neutral  shallow  impurities  in  fact  exists  only  for 
bulk  Si  [2,3];  in  discussing  the  experimental  re¬ 
sults  we  thus  make  a  comparison  between  bulk 
and  low  dimensional  behaviour  using  the  data 
available  for  Si.  The  process  of  capture  of  a  free 
exciton  (FE)  by  a  neutral  impurity  to  form  a 
bound  exciton  (BE)  can  be  characterized  by  a 
capture  cross  section.  In  modeling  the  capture 
mechanism  it  is  simplest  to  consider  a  single-level 
system,  i.e.  the  particle  is  either  bound  or  free. 
The  analysis  of  the  predominant  capture  process 
is  assumed,  as  a  first  approximation,  to  follow  the 
theory  of  Lax  [4],  in  which  he  describes  a  cascade 
capture  mechanism  as  the  particle  relaxes  through 
the  bound  excited  states  via  successive  phonon 
emission.  The  Lax  model  is  in  fact  rigidly  derived 
assuming  a  Coulombic  trap  for  a  free  carrier;  it  is 
therefore  not  strictly  appropriate  for  the  case  of 
exciton  capture  where  the  neutral  trap  provides  a 
limited  number  of  bound  excited  states.  For  the 
purpose  of  the  discussion  here  it  however  pro¬ 
vides  an  adequate  picture  while  allowing  that  the 
detailed  mechanism  will  be  somewhat  different. 
In  simple  terms  the  Lax  model  implies  that  cap¬ 
ture  will  occur  only  to  those  bound  states  that  are 
deeper  than  the  thermal  energy  kBT  from  the 
free  particle  continuum.  Excitons  captured  to 
states  below  this  threshold  rapidly  relax  to  the 
ground  state  via  phonon  emission,  while  those  in 
higher  lying  states  are  further  re-emitted.  In  cal¬ 
culating  the  total  capture  cross  section  (crt)  ap¬ 
propriate  to  our  single  level  model  we  must  sum 
over  cross  sections  for  each  level: 

°t=EV;>  (!) 

where  Sj  is  the  so-called  sticking  probability  for 
the  yth  excited  level,  i.e.  the  probability  that  a 
particle  captured  in  state  j  reaches  the  ground 
state.  From  the  above  model  this  probability  is 
essentially  one  for  states  below  kBT  and  zero 
above.  This  simplistic  model  makes  no  account  of 
the  transition  rates  for  the  relaxation  process; 


however,  this  point  is  unimportant  provided  the 
relaxation  is  rapid  in  comparison  to  the  observed 
decay  rates  and  hence  that  the  bound  population 
predominantly  resides  in  the  ground  state.  The 
occupancy  of  excited  states  is  important  in  deter¬ 
mining  the  thermal  emission  or  release  from 
bound  to  free  states,  which  in  return  will  repre¬ 
sent  the  temperature  dependence  of  the  overall 
capture  mechanism.  The  work  by  Hammond  and 
Silver  [2]  and  by  Feenstra  and  McGill  [3]  for  bulk 
Si  has  shown  that  the  temperature  dependence  of 
the  capture  cross  section  can  be  fitted  by  a  rela¬ 
tion  of  the  form  cr  a  1/TX ,  where  x  =  0.5-4  de¬ 
pending  on  the  impurity  measured. 

In  this  work  we  investigate  the  dependence  of 
capture  rate  on  temperature  in  an  acceptor  doped 
quantum  well.  In  apparent  contradiction  to  the 
result  obtained  in  bulk  Si,  the  capture  efficiency 
is  found  to  at  first  increase  with  temperature. 
This  result  is  discussed  in  terms  of  the  effect  of 
localization  in  the  narrow  quantum  well  system. 

2.  Experimental  method 

The  study  described  requires  well-resolved  free 
and  bound  exciton  peaks  to  enable  a  clear  analy¬ 
sis  of  the  kinetics  even  at  elevated  temperatures. 
We  therefore  restrict  the  discussion  in  this  paper 
to  acceptor  doped  GaAs/Al03Ga07  As  quantum 
wells  with  well  width  of  100  A  or  larger.  The 
samples  have  been  prepared  using  molecular 
beam  epitaxy  (MBE)  with  non-interrupted  growth. 
The  Be  dopant  was  introduced  into  the  central  20 
A  of  the  well  only  at  a  concentration  of  1  X  10 10 
cm-2.  The  low  temperature  photoluminescence 
experiment  was  carried  out  at  2  K,  time-resolved 
measurements  were  made  using  a  Hamamatsu 
synchroscan  streak  camera  with  a  temporal  reso¬ 
lution  of  about  20  ps.  Pulsed  excitation  was  pro¬ 
vided  by  a  dye  laser  synchronously  pumped  using 
a  mode-locked  argon  laser  to  give  pulse  lengths 
of  around  5  ps  duration. 

3.  Results  and  discussion 

Fig.  1  illustrates  the  initial  development  in  the 
PL  signal  for  the  BE  emission  at  four  different 
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temperatures.  The  rate  of  onset  of  the  emission 
corresponds  to  the  rate  of  capture  of  resonantly 
excited  free  excitons  at  the  neutral  Be  impurity, 
given  by: 

dA^BE/d^  =  ^FE  X  (NFe)  X  (Aq  —  NBe)>  (2) 

where  CFE  is  the  capture  rate,  A0  the  neutral  Be 
acceptor  concentration  and  NFE,  NBB  the  con¬ 
centrations  of  free  and  bound  excitons,  respec¬ 
tively.  The  capture  rate  is  clearly  seen  to  increase 
with  temperature,  the  onset  time  defined  by  the 
1  /e  value  for  the  rising  slope  decreases  from  55 
ps  at  2  K  to  around  46  ps  at  20  K.  The  increasing 
efficiency  with  which  free  excitons  are  trapped  at 
impurities  is  also  well  illustrated  in  the  time  inte¬ 
grated  luminescence.  Fig.  2  shows  a  series  of  PL 
spectra  taken  at  different  temperatures,  the  ratio 
of  BE  to  FE  is  found  to  at  first  increase  with 
temperature;  this  trend  is  however  reversed  at 
the  highest  temperature  shown  (20  K).  Note  that 
there  are  additional  processes  resulting  from  in¬ 
creased  temperature  which  will  effect  the  abso¬ 
lute  intensity  of  the  free  exciton,  these  do  not 
affect,  however,  the  maxima  in  capture  efficiency 
illustrated  by  Fig.  2. 


Time  (ps) 

Fig.  1.  Temperature  dependence  of  the  onset  in  BE  emission 
for  a  100  A  acceptor  (Be)  doped  quantum  well,  excitation  is 
resonant  with  the  FE.  The  increasing  slope  with  temperature 
indicates  a  faster  capture  rate  of  the  free  exciton  at  the 
acceptor. 
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Fig.  2.  Time  integrated  PL  signal  at  different  temperatures  for 
the  100  A  acceptor  doped  quantum  well.  The  increased  ratio 
of  BE  to  FE  intensities  is  indicative  of  the  higher  capture 
efficiency.  At  the  highest  temperature  (20  K)  the  trend  is 
reversed  illustrating  that  the  decrease  in  capture  cross  section 
is  now  the  dominant  contribution  to  the  capture  rate. 

The  capture  rate  CFE  is  related  to  the  total 
capture  cross  section  a  by  the  thermal  velocity 
(Fth)  such  that: 

CpE  =  ^FE^th*  W 

An  analysis  of  the  capture  process  must  therefore 
also  take  into  account  the  temperature  depen¬ 
dence  of  the  thermal  velocity  [5]: 

Vth  =  (8KT/irmexy/2,  (4) 

where  Vth  is  the  mean  thermal  velocity  of  the  free 
exciton  and  mex  is  the  exciton  mass.  Given  the 
dependence  of  capture  cross  section  on  tempera¬ 
ture  suggested  by  the  work  on  bulk  Si  this  implies 
an  expected  negative  power  law  dependence  for 
the  capture  rate,  i.e.  the  rate  should  decrease 
with  increasing  temperature.  The  results  of  Figs. 
1  and  2  clearly  contradict  this  model  for  the  QW 
case  since  the  opposite  trend  is  demonstrated. 
This  apparent  anomaly  can,  we  suggest,  be  un¬ 
derstood  in  terms  of  the  exciton  localization  in 
this  system.  The  capture  rate  is  found  to  be 
suppressed  at  low  temperatures  due  to  the  effect 
of  localization  on  the  free  exciton  thermal  veloc¬ 
ity.  There  are  then  two  competing  responses  to 
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Fig.  3.  Comparison  of  behaviour  in  bulk  material  (silicon)  with 
the  quantum  well  measured  in  this  study.  The  data  points  (*) 
are  calculated  from  the  data  in  Ref.  [3]  for  the  capture  at  the 
In  impurity  in  Si,  the  dotted  line  indicates  the  T~ 4  depen¬ 
dence  of  the  capture  cross  section  attributed  by  the  authors. 
The  data  (o)  are  for  the  quantum  well  measured  in  this  study 
and  illustrate  the  ratio  of  PL  intensities  for  the  BE  and  FE. 
The  solid  line  is  calculated  on  the  basis  of  an  activated 
thermal  velocity  for  the  FE  and  illustrates  the  maxima  in 
capture  rate  at  elevated  temperatures  expected  from  such  a 
model. 

increasing  temperature.  The  capture  cross  section 
decreases  with  increasing  temperature  as  is  re¬ 
quired  by  the  cascade  capture  model  however,  at 
low  temperatures  the  dominant  mechanism  is  the 
thermal  activation  behaviour  observed  in  the 
thermal  velocity  of  the  FE.  Fig.  3  compares  the 
trends  observed  in  both  the  bulk  and  confined 
QW  systems.  For  the  bulk  we  use  the  data  for  In 
capture  in  Si  from  Ref.  [3]  to  calculate  the  cap¬ 
ture  rate.  The  dotted  line  indicates  the  T~4  vari¬ 
ation  attributed  to  the  capture  cross  section  de¬ 
pendence  in  that  case.  In  the  QW  case  we  have 
not  calculated  the  absolute  capture  rates  since 
this  requires  a  detailed  analysis  of  the  rate  equa¬ 
tions  which  given  the  small  variation  implied  by 
the  data  is  not  justified  within  the  limits  of  accu¬ 
racy  of  the  calculation.  A  reasonable  indication  of 
the  behaviour  is  however  obtained  directly  by 
taking  the  ratio  of  the  BE  to  FE  integrated  inten¬ 
sities  as  a  function  of  temperature  (this  is  the 
same  as  integrating  Eq.  (2)  assuming  a  constant 


FE  population).  The  data  in  Fig.  3  have  been 
scaled  over  the  same  number  of  orders  of  magni¬ 
tude  as  the  bulk  data  to  indicate  the  small  varia¬ 
tion  observed  over  this  temperature  range.  The 
solid  line  is  the  calculated  response  for  the  QW 
capture  rate  assuming  the  thermally  activated  free 
electron  velocity  as  discussed.  The  curve  illus¬ 
trates  an  activation  energy  equal  to  the  Stokes 
shift  for  the  exciton  emission  (1.2  meV)  and  a 
capture  cross  section  dependent  on  T~l.  The 
calculation  suggests  a  maximum  capture  rate  at 
approximately  16  K  which  is  consistent  with  the 
measured  data. 


4.  Conclusion 

The  qualitative  temperature  dependence  of  the 
capture  rate  has  been  measured  for  an  acceptor 
doped  GaAs/AlGaAs  quantum  well.  The  initial 
increase  in  capture  efficiency  with  temperature 
observed  is  in  apparent  contradiction  to  that  ex¬ 
pected  from  a  cascade  capture  model  and  with 
the  behaviour  previously  reported  in  bulk  mate¬ 
rial.  The  mechanism  for  this  increase  is  believed 
to  be  the  thermal  activation  of  the  localized  free 
exciton  such  that  there  is  a  dramatic  increase  in 
the  mean  thermal  velocity  of  the  free  exciton. 
The  increase  in  thermal  velocity  is  the  dominant 
contribution  to  the  capture  rate  at  lower  temper¬ 
atures;  at  higher  temperatures  (20  K)  the  de¬ 
crease  in  capture  cross  section  becomes  the  domi¬ 
nant  term  and  a  negative  power  law  dependence 
can  then  be  observed  to  dominate. 


5.  References 


[1]  D.  Bimberg,  H.  Miinzel,  A.  Steckenborn  and  J.  Christen, 
Phys.  Rev.  B  31  (1985)  7788. 

[2]  R.B.  Hammond  and  R.N.  Silver,  Appl.  Phys.  Lett.  36 
(1980)  68. 

[3]  R.M.  Feenstra  and  T.C.  McGill,  Solid  State  Commun.  36 
(1980)  1039. 

[4]  M.  Lax,  Phys.  Rev.  119  (1960)  1502. 

[5]  K.R.  Elliott,  D.L.  Smith  and  T.C.  McGill,  Solid  State 
Commun.  24  (1978)  461. 


NTH 


ELSEVIER 


surface  science 


Surface  Science  305  (1994)  234-237 


Time-resolved  four  wave  mixing  studies  of  a  two-dimensional 
electron  gas  in  a  magnetic  field 

S.  Bar- Ad,  I.  Bar-Joseph  *,  Y.  Levinson,  H.  Shtrikman 

Department  of  Physics,  The  Weizmann  Institute  of  Science,  Rehovot  76100,  Israel 
(Received  19  April  1993;  accepted  for  publication  18  July  1993) 


Abstract 

We  report  on  experimental  investigation  of  the  nonlinear  optical  response  of  quantum  wells  containing  a 
two-dimensional  electron  gas.  As  the  magnetic  field  is  increased,  and  the  second  Landau  level  is  emptied  of 
electrons,  we  find  a  sharp  decrease  of  the  four  wave  mixing  signal  at  that  level. 


The  optical  characterization  of  the  two-dimen¬ 
sional  electron  gas  (2DEG)  in  semiconductor  het¬ 
erostructures  in  high  magnetic  fields  has  at¬ 
tracted  a  lot  of  interest  in  recent  years.  Optical 
measurements  of  photoluminescence,  absorption 
and  inelastic  light  scattering  at  very  low  tempera¬ 
tures  have  shown  that  the  many  body  interac¬ 
tions,  which  give  rise  to  the  rich  transport  phe¬ 
nomena  of  the  integer  and  fractional  quantum 
Hall  effects,  influence  the  optical  properties  of 
the  system  [1-3].  Special  attention  has  been  given 
to  the  study  of  the  Fermi-edge  singularity  [4]. 
This  effect,  which  is  seen  as  a  sharp  increase  of 
the  absorption  and  photoluminescence  intensity 
at  the  Fermi  energy,  is  an  optical  manifestation 
of  the  interaction  between  the  optically  excited 
electron-hole  pair  and  the  electrons  of  the 
2DEG. 

Time-resolved  coherent  optical  spectroscopy 
has  emerged  in  recent  years  as  an  important 
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experimental  tool  for  solid  state  research  in  gen¬ 
eral  and  the  study  of  2DEG  in  particular  [5,6].  A 
temporal  resolution  of  less  than  a  picosecond, 
combined  with  high  spectral  resolution,  allows 
direct  measurements  of  transient  and  relaxation 
phenomena,  along  with  their  spectral  variation. 
As  a  nonlinear  optical  technique  it  is  sensitive  to 
the  diagonal  as  well  as  the  off-diagonal  elements 
of  the  density  matrix.  Thus  one  can  study  the 
temporal  evolution  of  both  the  population  at  a 
given  level  and  the  phase  coherence  between  the 
various  states  of  the  system. 

In  this  work  we  have  used  time-resolved  four 
wave  mixing  (FWM)  for  the  study  of  2DEG  in 
strong  magnetic  fields  (B  <  7  T)  at  liquid-helium 
temperature.  The  FWM  technique  measures  the 
third  order  dipole  moment,  by  coherently  exciting 
the  sample  with  two  laser  pulses  at  a  precisely 
controlled  relative  delay,  and  detecting  the  signal 
emitted  following  the  excitation  as  function  of  the 
delay  [7].  A  schematic  FWM  setup  is  shown  in 
the  inset  of  Fig.  1.  The  two  pulses  have  wave 
vectors  kx  and  k2  with  a  small  angle  between 
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Time  Delay  (ps) 


Fig.  1.  Quantum  beats  of  the  FWM  signal  at  the  second  LL  at 
5  and  7  T  in  the  intrinsic  sample. 


them.  The  integrated  intensity,  emitted  in  the 
direction  2k1  —  kl,  is  measured  by  a  slow  detec¬ 
tor.  This  integrated  intensity  decays  as  function 
of  the  delay  between  the  exciting  pulses,  with  a 
time  constant  which  is  proportional  to  the  phase 
relaxation  of  the  photo-excited  carriers  in  the 
sample.  The  temporal  resolution  of  our  system  is 
0.7  ps,  fast  enough  to  resolve  the  relevant  tempo¬ 
ral  processes  while  maintaining  spectral  resolu¬ 
tion  of  1-2  meV. 

We  have  studied  a  modulation  doped  (MD) 

o 

sample,  consisting  of  30  periods  of  100  A  GaAs 
wells  between  500  A  Al03Ga07As  barriers,  the 
center  100  A  of  which  were  doped  with  silicon. 
The  electron  density  was  measured  to  be  2.4  X 
1011  cm-2  in  the  wells  at  4  K.  Doped  AlGaAs 
buffer  layers  were  grown  on  both  sides  of  the 
heterostructure  to  suppress  bending  of  the  con¬ 
duction  band,  while  avoiding  parallel  conduction 
in  the  buffer  layers.  Van  der  Pauw  measurements 
on  the  sample  gave  a  mobility  of  5  X  104  for  the 
30  in-parallel  connected  layers  (implying  a  Drude 
relaxation  time  of  ~  2  ps).  At  4  K  and  7  T  the 
Fermi  level  is  in  the  first  Landau  level  (LL),  and 
the  filling  factor  is  1.4.  An  intrinsic  sample  with 
30  periods  of  120  A  quantum  wells  (QW)  and  120 
A  barriers  served  as  a  reference.  The  excitation 
power  densities  were  chosen  to  generate  a  rela¬ 
tively  low  carrier  density,  of  ~  10 10  cm"2,  which 
is  only  5%  of  the  electron  density  in  the  wells. 

The  spectrum  of  the  FWM  signal  at  a  given 


magnetic  field  in  the  intrinsic  sample  consists  of 
well  defined  peaks,  which  correspond  to  the  vari¬ 
ous  magneto-exciton  transitions  of  the  sample. 
These  peaks  get  larger  with  increasing  magnetic 
field  strength  due  to  the  increased  degeneracy 
and  oscillator  strength.  Fig.  1  shows  the  temporal 
evolution  of  the  FWM  signal  at  the  second  LL  in 
magnetic  fields  of  5  and  7  T  (the  two  signals  are 
normalized  to  have  the  same  peak  intensity).  De¬ 
caying  oscillations,  with  a  period  which  is  in¬ 
versely  proportional  to  the  magnetic  field 
strength,  are  clearly  seen.  A  it  phase  shift  is 
observed  between  the  FWM  oscillations  obtained 
with  parallel  linear  polarizations  (PP)  of  the  two 
exciting  pulses,  and  that  measured  with  cross-lin¬ 
ear  polarizations  (CP).  These  oscillations  are 
quantum  beats  between  Zeeman-split  magneto- 
excitonic  states.  Their  frequency  gives  directly  the 
Zeeman  splitting  associated  with  these  transitions 
and  the  corresponding  Lande  g-factors  [8]. 

The  measurements  on  the  MD  sample  show 
marked  differences  with  respect  to  the  intrinsic 
sample.  The  most  pronounced  difference  is  seen 
when  the  intensity  of  the  FWM  signal  is  mea¬ 
sured  at  the  second  LL  as  a  function  of  the 
magnetic  field.  Fig.  2  shows  the  FWM  signals  at 
magnetic  fields  of  4  and  6.5  T,  for  which  the 
Fermi  level  is  in  the  second  and  first  LLs,  respec¬ 
tively.  We  observe  a  strong  drop  in  the  signal  as 
the  second  LL  is  emptied  of  electrons  -  an  order 
of  magnitude  decrease  from  4  to  6.5  T.  This 
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Fig.  2.  The  temporal  evolution  of  the  FWM  signal  at  the 
second  LL  at  4  and  6.5  T  in  the  MD  sample  (on  a  logarithmic 
scale).  The  signal  at  negative  delays  is  due  to  scattering. 
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behavior  is  opposite  to  the  behavior  of  the  intrin¬ 
sic  sample,  where  the  FWM  signal  increases  with 
increasing  magnetic  field.  It  is  evident  that  the 
signal  at  both  fields  decays  with  approximately 
the  same  time  constant  of  1.5  ps.  The  constant 
relaxation  time  of  1.5  ps,  which  is  measured 
throughout  this  field  range,  implies  that  this  drop 
cannot  be  simply  due  to  different  decay  rates  at 
the  two  regimes  (a  short  relaxation  time  leads  to 
a  weak  integrated  signal). 

Examining  the  temporal  evolution  of  the  sig¬ 
nal,  another  important  difference  between  the 
samples  is  seen:  no  quantum  beats  are  observed 
in  the  MD  sample!  Instead,  two  temporal  compo¬ 
nents,  whose  relative  strength  strongly  depends 
on  the  excitation  energy,  dominate  the  signal. 
The  first  is  an  instantaneous  component,  which 
rises  and  falls  within  the  pulse  autocorrelation 
time  and  exists  only  as  long  as  the  two  exciting 
pulses  overlap.  The  second  is  a  slower  compo¬ 
nent,  which  rises  with  the  pulse  autocorrelation 
time,  and  decays  exponentially  with  a  time  con¬ 
stant  of  1.5  ps. 

Fig.  3  shows  the  temporal  evolution  of  the 
signal  at  3  different  excitation  energies  in  a  field 
of  6.5  T,  for  which  the  Fermi  level  is  in  the  first 
LL.  Panels  (a)  and  (b)  show  the  signal  observed 
when  the  system  is  probed  at  two  energies  within 
the  second  LL  transition,  while  in  panel  (c)  it  is 
probed  at  the  partially  filled  first  LL.  The  differ¬ 


ences  in  the  relative  strength  of  the  two  temporal 
components  are  evident.  It  should  be  noted  that 
the  signal  at  the  first  LL,  just  above  the  Fermi 
surface,  is  much  more  intense  than  that  at  the 
second  LL. 

The  behavior  described  above  is  generally  true 
for  both  the  PP  and  CP  cases.  An  important 
characteristic  of  the  FWM  interaction  is  the  ratio 
between  the  signals  at  the  two  configurations, 
PP/CP.  We  find  a  clear  difference  between 
PP/CP  in  the  first  LL,  which  is  approximately 
unity,  and  that  in  the  second  LL,  where  the  PP 
signal  is  much  larger  than  the  CP  one.  At  that 
level  PP/CP  is  -  10  at  6.5  T,  and  ~  5  at  4  T. 

In  summarizing  our  measurements  for  the  MD 
sample,  we  observe  the  following:  a  strong  de¬ 
crease  in  the  FWM  signal  at  the  second  LL  as  it 
is  emptied  of  electrons;  two  temporal  compo¬ 
nents,  with  varying  relative  intensities,  and  no 
Zeeman  quantum  beats;  an  energy  and  magnetic 
field  independent  decay  constant  of  1.5  ps;  a 
marked  change  in  the  PP  to  CP  ratio  between  the 
first  and  the  second  LLs.  This  rich  behavior  con¬ 
tains  some  effects  which  can  be  explained  within 
the  framework  of  noninteracting  electrons  as  well 
as  some  which  cannot. 

It  is  evident  that  the  proximity  of  the  Fermi 
energy  to  the  second  LL  critically  affects  the 
observed  FWM  signal  from  that  level.  Using  a 
simple  two  level  model,  in  which  we  introduce  a 
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Fig.  3.  The  FWM  signal  in  the  MD  sample  at  6.5  T  in:  (a)  the  second  LL  -  high  energy;  (b)  second  LL  -  low  energy;  (c)  first  LL. 
Note  the  varying  relative  strength  of  the  fast  and  slow  components. 
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sharp  cutoff  at  the  Fermi  energy  in  an  inhomoge- 
neously  broadened  LL,  we  could  explain  the  ap¬ 
pearance  of  the  fast  and  the  slow  temporal  com¬ 
ponents  seen  in  Fig.  3.  Indeed,  it  can  be  shown 
that  these  two  components  have  different  energy 
dependence  at  the  vicinity  of  the  Fermi  energy. 
However,  such  a  single  electron  model  cannot 
explain  the  observed  drop  of  the  signal  between  4 
and  6.5  T.  It  shows  no  enhancement  of  the  FWM 
signal  close  to  the  Fermi  level,  as  is  the  case  at  4 
T,  and  no  sharp  drop  as  the  Fermi  level  moves 
away  at  higher  magnetic  fields.  The  fact  that  this 
drop  of  the  signal  occurs  as  the  Fermi  energy 
moves  from  the  second  to  the  first  LL,  leads  us  to 
conclude  that  the  nonlinear  optical  response  is 
modified  by  a  many  body  interaction  with  the 
Fermi  sea.  The  nature  of  this  many  body  interac¬ 
tion,  which  resembles  the  Fermi  edge  singularity, 
is  being  studied. 

The  energy  and  magnetic  field  dependence  of 
the  ratio  between  the  PP  and  the  CP  signals  also 
cannot  be  explained  by  simple  arguments.  This 
dependence  is  different  from  that  observed  in  the 
intrinsic  sample.  A  model  which  will  attempt  to 
explain  these  dependencies  of  the  PP  to  CP  ratio, 


and  the  absence  of  Zeeman  quantum  beats  in  the 
MD  sample,  should  take  into  account  asymmetric 
filling  of  the  spin  split  levels,  the  enhanced  spin 
splitting  close  to  the  Fermi  level  [3]  and  the 
mixing  between  heavy  and  light  hole  optical  tran¬ 
sitions  [9]. 
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Abstract 

The  pump-probe  technique  was  employed  in  the  study  of  excitonic  optical  non-linearities  at  40  K  in  a 
GaAs/Al0  ^aggAs  multiple  quantum  well  under  thermally  induced  in-plane  uniaxial  strain.  We  report  the  first 
observation  of  an  ultrafast  large-angle  polarization  rotation  of  the  probe  light  effected  by  the  bleaching  of  the 
anisotropic  absorption  near  the  heavy  hole  exciton  peak  in  this  material.  Dynamic  rotations  as  large  as  42°  have  been 
measured  for  a  compressive  strain  of  ~  0.2%.  In  addition,  a  dependence  of  the  phase  space  filling  produced  by 
resonantly  excited  excitons  on  the  orientation  of  the  pump  polarization  vector  has  been  observed  which  decays  with 
a  time  constant  of  0.5  ps.  This  decay  is  attributed  to  the  ionization  of  excitons  into  free  electron-hole  pairs.  The 
subsequent  decline  of  the  probe  rotation  is  governed  by  the  removal  of  these  carriers  from  the  wells. 


While  quantum  confinement  in  the  growth  (z) 
direction  of  a  multiple  quantum  well  (MQW) 
breaks  the  full  cubic  symmetry  of  the  material, 
the  layered  structure  still  reserves  an  in-plane 
four-fold  rotation  symmetry  for  growth  on  (100)- 
oriented  substrates.  A  necessary  consequence  of 
this  fact  is  that  the  absorption  of  linearly  polar¬ 
ized  photons  incident  normal  to  the  MQW  re¬ 
mains  independent  of  the  orientation  of  the  elec¬ 
tric  field  vector  of  the  light  for  transitions  near 
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the  r8-r6  fundamental  bandgap.  A  uniaxial  strain 
created  perpendicular  to  the  growth  direction 
reduces  the  in-plane  rotation  symmetry  of  the 
valence  band,  producing  a  mixing  of  the  heavy 
and  light  hole  wave  functions  near  &u  =  0  [1] 
which  results  in  an  anisotropy  in  absorption  and 
concomitant  rotation  of  the  light  polarization  [2,3] 
most  readily  observed  near  the  excitonic  reso¬ 
nances.  In  this  paper  we  report  the  first  investiga¬ 
tion  of  excitonic  optical  non-linearities  associated 
with  an  ultrafast  polarization  rotation  effected  by 
the  bleaching  of  this  anisotropic  absorption  in  a 
uniaxially  strained  MQW. 

The  intrinsic  region  of  the  p-i-n  structure 
grown  on  (100)GaAs  used  in  this  study  consists  of 
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a  100-period,  150  A  GaAs/50  A  Al01Ga09As 
MQW.  The  MQW  was  removed  from  the  GaAs 
by  epitaxial  lift-off  [4]  and  bonded  at  room  tem¬ 
perature  to  a  LiTa03  substrate  cut  such  that  its 
thermal  expansion  coefficient  ay  matches  that  of 
the  MQW  while  its  orthogonal  counterpart  ax 
does  not.  This  procedure  results  in  the  achieve¬ 
ment  of  a  thermally  induced  compressive  in-plane 
uniaxial  strain  of  -  0.2%  [2]  at  the  measurement 
temperature  of  ~  40  K  employed  in  these  experi¬ 
ments.  Pulses  of  150  fs  duration  and  83  MHz 
repetition  rate  were  obtained  from  a  self-mode- 
locked  Ti:  sapphire  laser  [5].  These  pulses  were 
split  into  pump  and  probe  beams,  and  self-satura¬ 
tion  of  the  probe  absorption  was  avoided  through 
attenuation  of  the  probe  beam  intensity  to  one 
percent  of  that  of  the  pump.  Time-resolved  ex¬ 
periments  were  performed  using  the  conventional 
pump-probe  geometry,  with  the  center  frequency 
of  the  laser  chosen  to  be  in  resonance  with  the 
lowest  excited  state  of  the  strain-perturbed  sys¬ 
tem,  which  we  shall  label  as  the  first  heavy  hole 
exciton.  The  incident  probe  polarization  was  ver¬ 
tical  and  oriented  at  45°  with  respect  to  the 
uniaxial  strain  (x)  axis  of  the  sample,  while  that 
of  the  pump  pulse  was  varied  using  a  polarization 
rotator.  A  phase  compensator  and  polarizer  were 
used  to  analyze  the  transmitted  probe  light,  which 
was  subsequently  dispersed  by  a  monochromator 
placed  before  the  detector. 

Fig.  1  shows  the  spectral  dependence  of  the 
static  probe  polarization  rotation  in  the  absence 
of  the  pump.  Measurements  of  the  absorption  of 
light  polarized  along  the  x  (0°)  and  y  (90°)  axes 
of  the  sample  were  performed,  with  the  rotation 
angle  given  by  [2] 


where  A  a  =  ax  —  ay,  d  is  the  total  thickness  of 
quantum  wells,  and  6  is  positive  for  angles  mea¬ 
sured  counterclockwise  with  respect  to  45°.  Al¬ 
though  Eq.  (1)  does  not  represent  the  physical 
situation  exactly  because  of  the  presence  of  a 
strain-induced  birefringence  A n=nx-ny,  it  re¬ 
mains  a  good  approximation  near  the  exciton 
peaks,  where  An  «  0  [3].  The  rotation  attained  a 
maximum  value  of  0  =  32°  and  a  minimum  value 


Fig.  1.  Polarization  rotation  of  the  probe  light  in  the  absence 
of  the  pump  pulse  as  a  function  of  photon  energy. 

of  0  =  -30°  at  the  first  heavy  hole  and  light  hole 
exciton  peaks,  respectively,  but  it  was  very  small 
elsewhere  in  the  spectrum.  These  observations 
indicate  that  the  polarization  rotation  was  pri¬ 
marily  due  to  anisotropic  excitonic  absorption, 
with  Aa  positive  (negative)  near  the  heavy  (light) 
hole  exciton  peak,  as  predicted  by  theory  [3]  for 
compressive  uniaxial  strain. 


Fig.  2.  Photoinduced  transmission  of  the  probe  as  a  function 
of  time  delay  for  pump  polarization:  (A)  parallel  to  the  strain 
axis;  (B)  parallel  to  that  of  probe;  (C)  perpendicular  to  the 
strain  axis.  The  probe  polarizer  was  oriented  for  minimum 
transmission  at  negative  time  delays. 
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Shown  in  Fig.  2  are  the  results  of  pump-probe 
measurements  in  which  the  probe  polarizer  was 
oriented  for  minimum  transmission  at  the  heavy 
hole  exciton  transition  energy  (1.5239  eV)  for  the 
configuration  in  which  the  probe  pulse  precedes 
the  pump.  Curves  A,  B,  and  C  refer  to  the  cases 
in  which  the  pump  polarization  was  parallel  to 
the  strain  axis,  parallel  to  that  of  the  probe,  and 
perpendicular  to  the  strain  axis,  respectively.  In 
all  cases  the  probe  transmission  exhibited  a  sharp, 
pulse-width-limited  rise  at  £  =  0+  which  decayed 
with  a  sub-picosecond  time  constant  to  a  plateau 
within  2  ps.  Although  the  plateau  values  of  all  the 
curves  are  essentially  the  same,  the  maxima  for 
the  three  pump  polarizations  are  significantly  dif¬ 
ferent,  with  the  largest  (smallest)  peak  observed 
when  the  pump  polarization  was  parallel  (per¬ 
pendicular)  to  the  strain  axis. 

The  fact  that  sharp  onsets  in  the  data  of  Fig.  2 
occurred  at  t  =  0+  through  a  crossed  polarizer  is 
clear  evidence  that  the  bleaching  of  the 
anisotropic  excitonic  absorption  by  the  pump 
pulse  results  in  an  ultrafast  rotation  of  the  probe 
polarization,  which  manifests  itself  in  photoin- 
duced  transmission  when  the  probe  is  delayed 
with  respect  to  the  pump.  The  effect  of  this 
rotation  on  the  absorption  saturation  was  sepa¬ 
rated  from  that  of  the  bleaching  in  the  absence  of 
the  polarizer  by  performing  pump-probe  experi¬ 
ments  in  which  the  polarizer  orientation  was  per¬ 
pendicular  to  that  of  the  previously  described 
measurements.  The  unpolarized  transmission  was 
obtained  by  adding  the  curves  in  Fig.  2  to  their 
counterparts  for  the  perpendicular  polarizer  ori¬ 
entation,  while  the  dynamic  rotation  angle  was 
determined  from  vector  addition  of  the  transmit¬ 
ted  electric  fields  for  the  two  polarization  orien¬ 
tations,  in  accordance  with  Eq.  (1). 

Figs.  3  and  4  show  the  unpolarized  transmis¬ 
sion  and  dynamic  polarization  rotation,  respec¬ 
tively,  of  the  probe  for  the  three  pump  polariza¬ 
tions  described  above.  Only  one  curve  is  dis¬ 
played  in  Fig.  3  because  the  shape  of  the  unpolar¬ 
ized  transmission  decays  was  found  to  be  inde¬ 
pendent  of  the  orientation  of  the  pump  polariza¬ 
tion.  This  curve  is  characterized  by  a  sharp  peak 
near  the  zero  of  time  delay  followed  by  a  slower 
decay  to  a  plateau.  The  peak  was  most  likely  due 


Time  Delay  (psec) 

Fig.  3.  Unpolarized  photoinduced  probe  transmission  as  a 
function  of  time  delay.  The  shape  of  the  curve  is  the  same  for 
the  three  pump  polarizations  discussed  in  the  caption  of  Fig.2. 
The  fit  is  described  in  the  text. 

to  a  coherent  non-linear  response  of  the  material 
driven  by  the  temporal  coincidence  of  the  pump 
and  probe  pulses  in  the  sample.  An  exponential 
fit  to  the  subsequent  decay  yields  a  time  constant 
of  0.5  ±  0.05  ps.  The  dynamic  probe  rotation 
curves  in  Fig.  4  are  characterized  by  the  same 
decay  constant,  but  are  distinctly  different  for  the 


Time  Delay  (psec) 

Fig.  4.  Dynamic  probe  rotation  as  a  function  of  time  delay  for 
pump  polarization:  (A)  parallel  to  the  strain  axis;  (B)  parallel 
to  that  of  the  probe;  (C)  perpendicular  to  the  strain  axis.  The 
diamonds  correspond  to  manually  measured  rotations  as  de¬ 
scribed  in  the  text. 
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three  pump  polarizations.  The  rotations  exhibited 
a  pulse-width-limited  rise  to  maximum  values  at 
t  =  0+  of  A0  =  42°,  35°,  and  29°  for  the  cases  in 
which  the  pump  polarization  was  oriented  paral¬ 
lel  to  the  strain  axis,  parallel  to  that  of  the  probe, 
and  perpendicular  to  the  strain  axis,  respectively. 
These  numbers  were  checked  by  manually  orient¬ 
ing  the  polarizer  for  minimum  transmission  at  a 
probe  delay  of  t  =  0+  and  measuring  its  rotation 
from  the  angle  of  minimum  transmission  at  a 
probe  delay  such  that  the  probe  preceded  the 
pump.  The  results  of  these  measurements  are 
plotted  as  points  at  t  =  0+  in  Fig.  4.  Excellent 
agreement  with  the  peak  values  of  the  curves  was 
obtained.  At  longer  times  a  plateau  value  of 
A0  ~  25°  was  observed  for  all  the  curves.  These 
data  indicate  that  the  differences  in  the  curves  of 
Fig.  2  may  be  attributed  to  the  temporal  evolu¬ 
tion  of  the  dynamic  probe  rotation. 

The  data  shown  in  Fig.  4  all  represent  clock¬ 
wise  dynamic  rotations  with  respect  to  the  static 
rotation  of  the  probe  displayed  in  Fig.  1.  This  fact 
indicates  that  for  all  the  pump  polarization  orien¬ 
tations  the  saturation  of  the  absorption  in  the  x 
(strain)  direction  was  always  stronger  than  in  the 
y  direction,  with  the  largest  (smallest)  difference 
in  the  photoinduced  bleaching  between  the  or¬ 
thogonal  directions  obtained  when  the  pump  po¬ 
larization  was  parallel  (perpendicular)  to  the 
strain  axis.  This  anisotropy  in  bleaching  is  most 
dramatically  displayed  in  curves  4 A  and  4B,  for 
which  the  maximum  dynamic  rotation  exceeds  the 
static  rotation,  thus  illustrating  that  for  these 
cases  ay  became  larger  than  ax  at  t  —  0+. 

Figs.  3  and  4  also  offer  insight  into  the  under¬ 
lying  physical  processes  which  determine  the 
shapes  of  the  decay  curves.  Since  the  laser  was 
tuned  to  the  first  heavy  hole  exciton  transition, 
the  pump  pulse  resonantly  excited  cold  heavy 
hole  excitons  which  at  t  =  0+  effectively  bleached 
the  probe  absorption  at  the  heavy  hole  exciton 
peak  through  the  exclusion-principle-related 
mechanisms  of  excitonic  phase  space  filling  and 
exchange  interactions  [6,7].  The  observation  that 
the  magnitude  of  the  maximum  dynamic  rotation 
was  correlated  with  the  direction  of  the  pump 
polarization  vector  indicates  that  there  exists  an 
orientational  excitation  dependence  to  the  exci¬ 


tonic  phase  space  filling  and  exchange  interac¬ 
tions  in  a  uniaxially  strained  MQW  which  persists 
longer  than  the  temporal  overlap  of  the  pump 
and  probe  pulses  even  for  the  high  exciton  densi¬ 
ties  (>  1011  cm"2)  generated  in  our  experiments. 
This  orientational  behavior  may  be  intuitively  un¬ 
derstood  by  noting  that  the  effective  shape  of  the 
exciton  orbit  in  both  real  and  phase  space  is  no 
longer  circular  in  our  material,  with  the  phase 
space  filling  produced  by  the  resultant  “el¬ 
lipsoids”  dependent  upon  the  manner  in  which 
they  were  created  by  the  pump.  The  fact  that  the 
disparity  in  the  degree  of  rotational  decay  among 
the  curves  of  Fig.  4  is  not  reflected  in  the  unpo¬ 
larized  decay  of  Fig.  3  suggests  that  the  orienta¬ 
tional  relaxation  of  the  initial  absorption  satura¬ 
tion  is  driven  by  the  ionization  of  excitons  into 
free  electron-hole  (e-h)  pairs  rather  than  the 
randomization  of  the  excitons.  This  notion  is  in 
concurrence  with  the  experimental  behavior  that 
the  dynamic  rotation  angle  became  independent 
of  pump  polarization  orientation  at  longer  times, 
as  expected  for  free  e-h  pairs.  It  is  interesting  to 
note  that  in  contrast  to  the  very  small  ( ~  1°) 
polarization  rotation  associated  with  the  photoin¬ 
duced  anisotropic  fc-space  filling  at  k  #  0  in  un¬ 
stressed  GaAs  which  vanishes  on  a  100  fs 
timescale  [8,9],  the  e-h  pairs  in  our  material 
produced  a  rotation  of  A0  «  25°  which  persisted 
as  long  as  the  carriers  remained  in  the  wells. 

This  interpretation  of  the  data  is  based  upon 
the  assumption  that  for  the  two-dimensional  case 
in  which  the  effects  of  long-range  Coulomb 
screening  are  negligible  [7]  cold  excitons  are  more 
efficient  than  cool  e-h  pairs  in  bleaching  the 
excitonic  absorption,  a  phenomenon  which  has 
been  both  theoretically  predicted  [10]  and  experi¬ 
mentally  observed  [11]  in  MQWs.  While  our  un¬ 
polarized  decays  bear  a  distinct  resemblance  to 
those  observed  in  Refs.  [6]  and  [11]  for  resonantly 
excited  heavy  hole  excitons,  it  is  important  to 
note  that  their  corresponding  experiments  were 
performed  at  room  temperature,  in  contrast  to 
the  low-temperature  measurements  reported 
here.  At  300  K  the  most  significant  contribution 
to  exciton  ionization  comes  from  the  exciton- 
longitudinal  optical  (LO)  phonon  interaction, 
which  results  in  ~  300  and  ~  100  fs  ionization 
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times  in  GaAs/AlGaAs  [6]  and  CdZnTe/ZnTe 
[11]  MQWs,  respectively.  Identical  experiments  at 
15  K  on  an  unstrained  MQW  [6]  show  that  the 
bleaching  decay  time  is  ~  10  ps,  which  is  signifi¬ 
cantly  different  from  the  0.5  ps  value  obtained 
from  our  measurements.  Although  the  mecha¬ 
nism  of  this  decay  in  uniaxially  strained  MQWs  is 
not  well  understood  at  the  present  time,  the 
explanation  of  this  data  may  be  related  to  the 
nature  of  the  anisotropic  excitonic  phase  space 
filling  and  the  possible  effects  that  it  may  have  on 
both  the  Coulomb  interaction  between  excitons 
and  the  exciton- acoustic  phonon  interaction. 

In  conclusion,  we  report  the  first  observation 
of  an  ultrafast  large-angle  light  polarization  rota¬ 
tion  resulting  from  optical  non-linearities  ef¬ 
fected  by  the  bleaching  of  the  anisotropic  exci¬ 
tonic  absorption  in  a  uniaxially  strained  MQW. 
Dynamic  rotations  as  large  as  42°  have  been 
measured  for  a  compressive  strain  of  ~  0.2%.  An 
orientational  dependence  of  the  excitonic  phase 
space  filling  on  the  direction  of  the  pump  polar¬ 
ization  was  observed  which  persists  longer  than 
the  temporal  overlap  of  the  pump  and  probe 
pulses  even  for  excitation  densities  exceeding  10 11 
cm-2  and  decays  with  a  time  constant  of  0.5  ps. 
The  fact  that  the  unpolarized  probe  transmission 
curves  were  independent  of  the  orientation  of  the 
pump  polarization  suggests  that  this  decay  occurs 
by  ionization  of  the  excitons  into  free  e-h  pairs. 
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Abstract 

We  demonstrate  the  application  of  terahertz  electromagnetic  transients  to  the  study  of  the  dynamical  conductivity 
of  a  two-dimensional,  high  mobility  electron  gas  in  modulation  doped  GaAs  quantum  wells.  The  transient  response 
of  such  an  electron  system  on  a  picosecond  time  scale  occurs  in  a  regime  where  the  implications  of  electron-electron 
interaction  effects  need  to  be  considered. 


1.  Introduction 

While  the  application  of  dc  and  low  frequency 
measurements  to  a  high  mobility  electron  gas  is 
routine,  there  is  a  notable  absence  of  high  speed, 
real-time  techniques  and  experiments  to  observe 
directly  dynamical  conductivity  effects  on  time 
scales  which  are  short  in  terms  of  scattering  from 
impurities,  phonons,  defects,  etc.  Femtosecond 
laser  techniques  have  been  used  in  the  past  three 
years  to  study  the  generation  of  “terahertz  elec¬ 
tromagnetic  transients”  off  semiconductor  sur¬ 
faces  [1,2],  thereby  producing  a  new  possible 
source  for  such  transient  electron  spectroscopy. 
The  THz  radiation  propagates  in  the  form  of  a 
well  defined  beam  in  free  space  so  that  the  con¬ 
ductance  of  a  free  electron  gas  within  a  semicon¬ 
ductor  heterostructure  can  be  measured  on  a 
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timescale  of  10-12  s  or  less  in  a  contactless  way. 
In  a  transmission  or  reflection  experiment,  a  gated 
ultrafast  photoconductive  receiver  measures  the 
radiation  field.  In  this  paper,  we  demonstrate 
that  it  is  experimentally  practical  to  employ  the 
real-time  THz  probes  to  access  an  equilibrium 
electron  gas  in  a  semiconductor  heterostructure 
at  a  low  temperature  and  high  magnetic  field.  We 
have  conducted  preliminary  studies  of  the  re¬ 
sponse  of  a  2D  electron  gas  subject  to  picosecond 
transient  electric  fields  in  an  n-type  MQW 
GaAs/GaAlAs  structure. 


2.  Experimental 

The  experimental  arrangement  is  shown  in  Fig. 
la,  where  the  THz  components  are  very  similar 
to  that  of  Ref.  [2].  The  electromagnetic  transients 
are  generated  by  a  biased  microstrip  antenna, 
gated  by  300  fs  pulses  from  a  (frequency-doubled) 
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(b) 


Time  Delay  (psec) 


Fig.  1.  (a)  Experimental  arrangement  showing  the  THz  trans¬ 
mitter  and  receiver,  with  the  sample  placed  in  the  supercon¬ 
ducting  magnet  cryostat,  (b)  Transmitted  electric  field  tran¬ 
sients  through  the  semi-insulating  GaAs  control  sample  at 
T  =  2  K  and  the  doped  MQW  sample  containing  the  2D 
electron  gas  (2DEG)  at  T  -  2  and  300  K.  The  curves  have 
been  displaced  vertically  for  clarity;  the  zero  amplitude  base 
line  is  indicated. 


modelocked  Ti:  sapphire  laser.  This  radiation  is 
collimated  by  a  high  resistivity  silicon  lens  and  an 
off-axis  parabolic  reflector.  The  collimated  beam 
passes  a  free  standing  wire  grid  polarizer  and  is 
subsequently  focused  inside  a  superconducting 
magnet  onto  a  sample  (with  a  spot  size  of  approx¬ 
imately  6  mm).  The  transmitted  pulse  is  recolli¬ 
mated,  passed  through  a  polarizing  analyzer,  and 
focused  on  a  fast,  optically  gated  photoconductive 
silicon-on-sapphire  receiving  antenna,  similar  to 
that  described  in  Ref.  [3].  Nitrogen  purging  of  the 
experimental  enclosure  minimized  the  residual 
water  vapor  absorption.  The  crossed  polarizer 
(power)  extinction  ratio  was  about  4  X  10 -4.  The 
average  power  in  the  THz  beam  was  measured  by 
a  bolometer  to  be  approximately  1  nW,  corre¬ 


sponding  to  an  average  flux  of  104-105  pho¬ 
tons/cm2  per  pulse  incident  on  the  samples. 


3.  Results  and  discussion 

The  modulation-doped  multiple  quantum  well 
(MQW)  sample  consisted  of  84  wells  of  100  A 
individual  thickness,  with  an  electron  density  of 
ns=  1.5  X  1011  cm-2  and  a  mobility  of  5  X  105 
cm2/V  •  s,  grown  on  a  semi-insulating  GaAs  sub¬ 
strate  and  GaAs/AlAs  superlattice  buffer  layer. 
Fig.  lb  shows  the  comparison  of  the  transmitted 
THz  electric  field  through  the  MQW  sample  at 
T  =  2  and  300  K  in  comparison  with  a  “control 
sample”  of  semi-insulating  GaAs  at  T—  2  K. 
Apart  from  a  propagation  delay,  the  shape  of  the 
THz  pulse  transmitted  through  the  control  sam¬ 
ple  is  identical  to  that  measured  through  the 
empty  cryostat.  Hence  the  influence  of  the  2D 
electron  gas  is  to  distort  the  shape  of  the  trans¬ 
mitted  field  on  the  ps  timescale  in  a  manner 
which  is  directly  related  to  the  dynamical  conduc¬ 
tivity  <r(0.  The  effect  is  readily  observed  in  our 
single  beam  transmission  experiment  without 
modulation  techniques. 

Fig.  2a  shows  the  transmitted  THz  electric 
field  as  a  function  of  perpendicular  magnetic 
field  to  Bz  =  5  tesla  at  T  =  2  K  for  parallel  inci¬ 
dent  and  transmitted  polarizations.  Transport 
measurements  verified  the  presence  of  strong 
quantum  Hall  plateaus  in  the  transverse  Hall 
resistivity  axy  and  sharp  maxima  in  the  longitudi¬ 
nal  resistance  <jxx,  consistent  with  results  ob¬ 
tained  earlier  with  this  material  [4],  With  increas¬ 
ing  magnetic  field,  the  shape  of  the  transmitted 
pulse  reverts  back  to  the  form  measured  with  the 
control  sample  in  the  lower  portion  of  Fig.  1.  Fig. 
2a  gives  us  an  indication  of  the  response  by  the 
2D  electron  gas  which  is  directly  connected  to  the 
longitudinal  “dynamical  Hall  conductivity” 
<rxx(t,B).  For  example,  if  one  examines  the 
changes  in  shape  of  the  “trailing”  portion  of  the 
transmitted  pulse  (in  the  time  interval  of  approxi¬ 
mately  2-3  ps),  we  see  a  clear  cross-over  behavior 
at  about  B  =  2.4  T.  This  coincides  with  the  cy¬ 
clotron  frequency  acquiring  a  value  coc  =  1  THz, 
i.e.  approximately  at  the  rolloff  of  our  field  am- 
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Fig.  2.  Transmitted  THz  transients  through  the  doped  MQW 
sample  at  T  =  2  K  as  a  function  of  the  perpendicular  mag¬ 
netic  field,  (a)  in  parallel  polarization,  and  (b)  in  crossed 
polarizer  configuration. 


plitude  in  frequency  domain.  The  cross-over  point 
is  physically  related  to  a  transition  from  inter- 
Landau  level  excitations  to  intra-Landau  level 
excitations. 

Fig.  2b  displays  the  contribution  by  the  “trans¬ 
verse  dynamical  Hall  conductivity7’,  <rxy(t,B)  to 
the  transmitted  electric  field,  measured  as  a  func¬ 
tion  of  the  magnetic  field  in  the  crossed  polarizer 
configuration.  The  transmitted  zero  field  ampli¬ 
tude  is  unresolved  from  the  system  noise,  but 
becomes  readily  observable  in  small  fields  (B  <  1 
T)  and  increases  strongly  with  increasing  mag¬ 
netic  field.  Overall,  the  behavior  is  similar  to  the 
classical  Hall  effect.  Notably,  the  pronounced 
quantum  Hall  behavior,  clearly  identified  in  the 
dc  transport  measurements,  is  not  present  in  the 
transient  data. 

Measurements  in  the  Voigt  configuration  ex¬ 
hibited  no  change  in  the  transmitted  pulse  until 


B  =  5  T,  where  the  cyclotron  diameter  ap¬ 
proaches  the  quantum  well  width. 

The  absence  of  quantum  Hall  behavior  in  the 
THz  measurement  is  at  least  partially  expected, 
considering  the  energetically  large  excitation 
regime  accessed  in  our  experiment.  The  electron 
excess  energies  A  E  are  comparable  to  or  larger 
than  the  typical  activation  energies  obtained  from 
temperature  dependent  experiments  in  the  inte¬ 
ger  QHE  regime  (1  THz  is  equivalent  to  T=  48 
K). 

We  will  here  only  outline  some  of  the  argu¬ 
ments  about  the  physical  features  which  are  con¬ 
nected  with  the  observations  in  Figs.  1  and  2.  The 
mean  one-electron  scattering  time  (as  calculated 
from  the  dc  mobility)  for  our  sample  at  T  =  2  K  is 
longer  than  the  duration  of  the  electromagnetic 
probing  transients,  rsc  ~  10  ps  >  rp.  The  transmit¬ 
ted  pulses  contain  a  contribution  by  the  incident 
field  itself  plus  the  radiation  term  by  the  current 
induced  within  the  electron  gas:  ET  =  E0  +  £ind. 
In  linear  response  theory,  the  latter  is  directly 
related  to  the  conductivity  of  the  electron  gas. 
Analysis  of  the  zero  field  data  in  Fig.  1  (by  time 
and  frequency  domain  techniques)  then  shows  a 
transient  response  of  the  electron  gas  occurring 
on  a  timescale  of  about  1  ps.  Scattering  involving 
ionized  impurities  does  not  have  a  frequency 
dependence  which  would  be  enhanced  at  higher 
frequencies.  Similarly,  our  calculations  about  the 
role  of  acoustic  phonon  scattering  in  the  present 
conditions  show  that  these,  too,  are  ineffective. 
Hence  we  are  left  to  consider  the  role  of  elec¬ 
tron-electron  scattering  in  the  data  of  Figs.  1  and 
2. 

The  electron-electron  (e-e)  interaction  within 
a  2D  electron  gas  in  zero  magnetic  field  has  been 
theoretically  formulated  by  Giuliani  and  Quinn 
[5],  as  well  as  by  Chapik  [6].  In  such  a  formula¬ 
tion,  the  energy  dependence  of  the  inelastic  scat¬ 
tering  rate  is  calculated  for  an  electron  with  an 
excess  energy  A  E  with  respect  to  the  Fermi  en¬ 
ergy  (of  a  cold  background  gas).  In  our  experi¬ 
ments  the  “white  light”  THz  source  has  energy 
comparable  to  the  Fermi  energy  of  2DEG  (A E  ~ 
Ef  =  5.2  meV).  The  relaxation  time  of  the  excited 
electrons  strongly  decreases  with  the  increasing 
energy  of  excitation.  It  has  been  demonstrated 
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both  theoretically  [5],  and  experimentally  [7]  that 
the  electron-electron  relaxation  time  may  be  ap¬ 
proximated  by: 


1  -ef 

1  AE 

|  Airh 

—  In  ^2 

Q  TF2 

Pf 

1 

2 


where  AE  is  the  energy  of  the  photon  above 
Fermi  sea,  qTF2  is  Thomas-Fermi  screening  wave 
vector  in  2D,  EF  is  Fermi  energy  in  our  gas,  pF  is 
Fermi  wave  vector  on  the  surface  of  the  Fermi 
sea. 

Under  these  transient  experimental  condi¬ 
tions,  dissipation  of  the  excess  electronic  energy 
to  reservoirs  outside  the  electron  system  is  not 
measured;  thus  the  phase  shift  observed  in  our 
experiments  in  zero  magnetic  field  must  reflect  a 
dynamical  dephasing  and  phase-space  redistribu¬ 
tion  processes  occurring  within  approximately  1 
ps  in  the  2D  electron  gas,  in  reasonable  quantita¬ 
tive  agreement  with  predictions  in  Ref.  [8]  for  an 
average  excess  electron  energy  of  5  meV.  At 
sufficiently  high  temperatures  ( T  of  150  K),  one 
returns  to  the  normal  dissipation-dominated  scat¬ 
tering  regime. 

In  conclusion,  we  have  employed  THz  tran¬ 
sient  probes  to  show  the  feasibility  of  detecting 


the  dynamical  response  of  a  2D  electron  gas  on  a 
timescale  which  the  dc  mobility  would  suggest  to 
be  shorter  than  the  elastic  scattering  time.  The 
intraband  excitations  are  related  to  transient  con¬ 
ductivity,  observed  under  conditions  in  which  ef¬ 
fects  of  electron-electron  interactions  can  be  ac¬ 
cessed. 
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Abstract 

The  spin  splitting  of  the  conduction  band  in  GaAs  is  directly  observed  through  the  splitting  of  the  intrasubband 
electronic  Raman  spectra.  Its  dependence  on  the  magnitude  and  orientation  of  the  wavevector  is  discussed  in  terms 
of  a  simple  band  structure  model. 


Due  to  the  lack  of  inversion  symmetry,  the 
lowest  conduction  band  of  zincblende  compounds 
is  no  longer  spin  degenerate,  but  a  spin-orbit 
coupling  appears,  leading  to  the  following  addi¬ 
tional  term  in  the  conduction  band  energy  [1]: 

£s=  ±y[k2[k2xk]  +  k2yk2z+k2zkl) 

—  9  klk2k2]V2.  (1) 

This  term  is  proportional  to  k3  and  displays  a 
strong  angular  anisotropy.  The  material-depen¬ 
dent  coefficient  y  has  to  be  determined  from 
experiment  or  band  structure  calculations.  How¬ 
ever,  being  very  small,  this  splitting  has  never 
been  observed  directly  until  recently  [2].  Exten¬ 
sive  indirect  evidence  has  been  obtained  from 
depolarization  measurements  of  luminescence  [3] 
or  photoemission  [4]  after  optical  pumping.  This 
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change  in  polarization  results  from  the  spin  pre¬ 
cession,  induced  by  the  additional  £3  term  in  the 
conduction  band,  the  corresponding  splitting  be¬ 
ing  neglected  with  respect  to  the  elastic  broaden¬ 
ing.  These  experiments  provided  consistent  deter¬ 
minations  of  the  coefficient  y,  ranging  between 
20  and  25  eV  A3,  in  reasonable  agreement  with 
theoretical  calculations  [5]. 

Spin  precession  has  also  been  measured  in 
GaAs  based  two-dimensional  systems  either  by 
optical  pumping  [6]  or  very  recently  from  anti- 
weak-localization  measurements  on  modulation- 
doped  heterojunctions  [7].  On  the  other  hand, 
beating  of  the  magnetoresistance  due  to  the  slight 
density  difference  between  the  two  occupied 
spin-subbands  has  never  been  observed  in  GaAs, 
contrary  to  other  systems  [8].  The  aim  of  these 
studies  was  to  investigate  the  effect  of  confine¬ 
ment  on  the  spin  splitting.  This  problem  was  also 
considered  theoretically  in  Ref.  [9],  where  the 
intrinsic  term  due  to  the  confinement  was  shown 
to  strongly  dominate  over  the  Rashba  term  [10] 
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Fig.  1.  Dependence  on  the  confinement  of  the  spin  splitting 
along  [10]  and  [11]  directions  in  2D  reciprocal  space. 


due  to  the  self-consistent  electric  field.  This  in¬ 
trinsic  term  can  be  deduced  in  lowest  order  in 
perturbation  by  replacing  in  the  3D  Hamiltonian 
kz  and  k 2  by  the  average  values  0  and  k 2  of  the 
associated  operators  on  the  lowest  conduction 
subband  wavefunction: 

Es  =  ±y[^kl-{AK2-kl)klkl]l/2.  (2) 

As  in  the  bulk,  the  spin  splitting  displays  a  large 
anisotropy,  which  now  depends  on  the  confine¬ 
ment  through  the  parameter  k ,  as  illustrated  on 
Fig.  1.  The  angular  behavior  transforms  from  3D 
( k  =  0)  to  2D  ( k  ->  oo)  with  negligible  anisotropy. 
The  corresponding  wavevector  dependences  are 
cubic  and  linear,  respectively,  thus  resulting  in 
n3/2  and  n\/2  dependences  in  modulation-doped 
heterostructures.  In  Ref.  [7],  a  3D  behavior,  which 
is  very  surprising  owing  to  the  shape  of  the  con¬ 
finement  potential,  was  deduced  from  magneto¬ 
transport  measurements  on  samples  with  differ¬ 
ent  densities. 

In  this  paper  we  demonstrate  that  electronic 
Raman  scattering  is  a  particularly  powerful  tech¬ 
nique  to  study  the  conduction  band  spin  splitting 
in  GaAs  heterostructures.  It  displays  the  unique 
feature,  as  compared  to  other  methods,  that  only 
electron  states  are  probed  with  magnitude  and 
orientation  of  the  wavevector  fixed  by  the  design 
of  the  sample  and  the  geometry  of  the  experi¬ 
mental  setup,  respectively.  This  allowed  us  to 
obtain  recently  the  first  spectroscopic  evidence  of 
well  resolved  spin-split  conduction  bands  in  GaAs 
in  the  absence  of  any  applied  magnetic  field;  we 
separately  observed  single-particle  Raman  scat¬ 


tering  by  spin-conserving  and  spin-flipping  intra¬ 
subband  transitions  separated  by  an  energy  signif¬ 
icantly  larger  than  the  elastic  broadening  of  the 
involved  states.  In  this  communication,  we  quan¬ 
titatively  analyze  these  results  and  compare  them 
with  the  predictions  of  Eq.  (2).  Furthermore,  we 
show  that  Raman  scattering  uniquely  provides 
the  angular  dependence  of  the  splitting  by  turn¬ 
ing  the  sample  with  respect  to  the  scattering 
plane.  The  results  give  new  direct  insight  into  the 
spin-splitting  energies  in  quantum  wells. 

The  structure  under  investigation  is  a  modula¬ 
tion-doped  GaAs  quantum  well  grown  by  molecu¬ 
lar  beam  epitaxy  on  a  semi-insulating  GaAs  sub¬ 
strate.  Modulation  doping  of  the  180  A  thick  well 
is  obtained  from  Si  delta-doping  in  the  top  bar¬ 
rier  only.  Due  to  the  thin  spacer  layer  (100  A), 
the  electron  density  reaches  1.3  X  10 12  cm-2  un¬ 
der  illumination.  The  form  of  the  self-consistent 
electrostatic  potential  is  very  similar  to  that  in  a 
heterojunction  but  the  second  subband  is  located 
above  the  Fermi  energy  because  of  the  quantum 
well  confinement.  Raman  scattering  measure¬ 
ments  were  taken  at  liquid  helium  temperature 
close  to  the  E0  resonance  of  the  GaAs  quantum 
well,  with  the  polarizations  of  the  incident  and 
scattered  light  both  crossed  and  parallel,  to  give 
depolarized  and  polarized  spectra,  respectively. 
Owing  to  the  symmetry  of  the  GaAs  valence 
band,  excitations  involving  spin-orbit  coupling 
can  cause  depolarized  Raman  scattering,  while 
spin-conserving  single  particle  excitations  (SPE), 
allowed  in  parallel  polarization,  should  be  com¬ 
pletely  screened  out  due  to  Coulomb  interaction 
and  replaced  by  the  collective  plasmon  excita¬ 
tions. 

We  observe  both  SPE  and  a  plasmon  with 
parallel  polarizations,  contrary  to  theoretical  ex¬ 
pectations.  These  assignments  are  supported  by 
Raman  measurements  at  various  angles  of  the 
sample  surface  normal  with  respect  to  the  inci¬ 
dent  and  scattered  wavevectors.  This  allows  us  to 
probe  excitations  in  the  electron  gas  with  differ¬ 
ent  in-plane  wavevectors.  As  shown  in  Fig.  2,  the 
observed  linear  and  almost  square-root  disper¬ 
sions  are  in  quantitative  agreement  with  the  theo¬ 
retical  ones,  respectively,  for  SPE  and  plasmon 
excitations  of  a  2DEG  of  density  1.3  X  10 12  cm-2, 
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Fig.  2.  Dispersion  curves  of  the  excitations  observed  in  both 
polarizations  compared  with  theoretical  ones  for  the  plasmon 
and  SPE  peaks. 

taking  into  account  the  dielectric  corrections  due 
to  the  surface.  Such  an  absence  of  screening  has 
already  been  observed  for  inter-subband  spectra 
on  the  same  sample  [11]  and  other  quantum  wells 

[12] .  It  has  often  been  reported  on  bulk  GaAs 

[13]  and  its  origin  is  not  yet  clear.  It  could  be  due 
to  an  additional  Raman  process  taking  place  at 
strong  resonance  or,  in  quantum  wells,  to  disor¬ 
der  effects  on  the  intermediate  hole  states  which 
are  confined  at  the  rough  interface  by  the  elec¬ 
trostatic  potential  [11]. 

Moreover,  the  low-energy  single-particle  band 
splits  into  two  components  in  the  crossed  polar¬ 
ization  spectra  (see  Fig.  2  of  Ref.  [2]).  These 
spectra  display  linear  dispersions  parallel  to  that 
obtained  in  parallel  polarization.  As  illustrated 
schematically  in  Fig.  3,  such  observations  are  well 


explained  to  be  a  consequence  of  the  conduction 
band  spin  splitting.  Let  us  recall  that  the  peak  of 
the  intrasubband  SPE  corresponds  to  transitions 
originating  from  occupied  states  with  a  wavevec- 
tor  around  kQ  =  kF(q/\q\).  The  associated  en¬ 
ergy  amounts  to  fiqvF  for  spin-conserving  and 
tiqvF±Es  for  spin-flip  transitions.  In  these  ex¬ 
pressions,  Es  is  the  spin  splitting  at  the  well 
defined  wavevector  k0.  We  extract  a  typical  value 
of  0.4  meV  for  this  quantity,  while  the  elastic 
broadening  we  deduce  from  a  lineshape  analysis 
amounts  to  0.15  meV.  We  thus  get  clear  evidence 
in  this  sample  of  well  resolved  spin-split  states  at 
low  temperature,  in  contrast  to  previous  reports 
[3,4,6].  This  was  possible  due  to  the  specific  fea¬ 
tures  of  our  Raman  probe  and  to  the  modulation 
doping,  which  provided  a  large  density  with  a 
high  mobility. 

To  compare  our  experimental  results  with  the 
predictions  of  Eq.  (2),  we  need  independently 
determined  or  fitted  values  of  y  and  k .  The  latter 
parameter  can  be  deduced  from  self-consistent 
band  structure  calculations  [13]  and  amounts  to 
1.85  X  106  cm-1  in  our  sample.  Using  this  value, 
we  are  able  to  fit  the  dispersion  curves  of  Fig.  2 
taking  23.5  eV  A3  for  y,  in  excellent  agreement 
with  previous  determinations.  This  clearly  dem¬ 
onstrates  the  validity  of  our  interpretation  of  this 
new  intra-subband  Raman  signal  in  terms  of  a 
spin-split  conduction  band.  However,  when  con¬ 
sidering  Fig.  1,  one  realizes  that  the  anisotropy  of 
the  spin  splitting  is  a  very  stringent  test  of  the 
model,  as  it  should  strongly  vary  as  a  function  of 
the  ratio  K/kF.  In  our  sample,  this  quantity 
amounts  to  around  0.65  and  the  splitting  should 
significantly  decrease  when  going  from  the  [01]  to 


Fig.  3.  Schematic  representation  of  the  different  SPE  processes  observed  by  Raman  scattering. 
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Fig.  4.  Depolarized  spectra  of  spin-flip  SPE  for  the  same 
in-plane  wavevector  along  three  orientations. 


the  [11]  orientation.  This  prediction  does  not 
agree  very  well  with  preliminary  experimental 
results  we  obtained  from  different  pieces  of  the 
same  sample  fixed  side  by  side  at  different  angles. 
As  shown  in  Fig.  4,  the  splitting  is  only  weakly 
angle-dependent  while  the  overall  shape  of  the 
SPE  spectrum  is  changing.  This  result  can  be 
reproduced  in  the  framework  of  our  model  by 
fitting  simultaneously  y  to  34.5  eV  A3  and  k  to 
1.55  X  106  cm-1.  These  values  are  somewhat  sur¬ 
prising,  however,  and  lead  us  to  suspect  some 
insufficiencies  in  the  simple  model  we  have  pre¬ 
sented.  Further  insight  into  this  problem  should 
be  obtained  in  the  near  future  from  additional 
experiments,  including  a  detailed  angular  depen¬ 
dence,  on  samples  with  different  densities. 
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Abstract 

The  valence  subband  dispersion  of  GaAs/AlGaAs  quantum  wells,  including  warping,  is  measured  with  meV 
accuracy  using  the  radiative  recombination  of  hot  electrons  at  neutral  acceptors.  The  measurements  are  shown  to  be 
in  excellent  agreement  with  k  p  calculations.  Differences  in  calculated  dispersions  from  using  various  sets  of 
Luttinger  parameters  proposed  in  the  literature  are  discussed. 


The  structure  of  the  conduction  subbands  in 
quantum  wells  is  relatively  simple.  For  the  va¬ 
lence  subbands,  however,  the  structure  is  more 
complex  due  to  the  combined  effects  of  the 
spin- orbit  interaction  and  the  symmetry  breaking 
of  the  quantum  well  potential.  Experimentally, 
recent  magnetotransport  measurements  in  double 
barrier  tunneling  structures  [1-3]  have  demon¬ 
strated  the  ability  to  qualitatively  show  the  dis¬ 
persion  of  subbands  in  quantum  wells.  However, 
these  experiments  are  not  sufficiently  quantita¬ 
tive  to  allow  direct  comparison  with  k  •  p  calcula¬ 
tions.  Also,  while  the  anisotropy  (warping)  of  the 
valence  subbands  is  well  established  theoretically 
[4],  experimental  information  [2,3]  is  scarce  and 
only  qualitative. 

The  recombination  of  hot  electrons  at  neutral 
acceptors  [5]  gives  a  photoluminescence  (PL) 
spectrum  which  contains  great  spectroscopic  de- 
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tail.  As  indicated  schematically  in  Fig.  1,  the 
energies  Ee(k)  and  Eh(k )  of  the  hot  electron  and 
hole  created  by  the  laser  photon  can  be  deter¬ 
mined  [6,7]  from  energy  conservation  as 

Ee(k)  =tuoPL-EG+EA  (1) 

and 

^h(^)  =  —  —  ^a-  (2) 

with  the  terms  defined  in  the  caption  to  Fig.  1. 
The  hot  electron  and  hole  have  essentially  the 
same  wavevector  k ,  which  can  be  determined 
from  Ee(k)  using  a  straightforward  calculation  [7] 
of  the  nearly  parabolic  and  circular  T  valley 
conduction  subband  dispersion.  In  this  way,  a 
single  point  on  the  valence  subband  dispersion  is 
determined.  By  measuring  ho)PL  as  a  function  of 
h(oL ,  the  dispersion  of  the  valence  subband  is 
mapped  out  [7]. 

The  polarization  dependent  matrix  elements 
for  the  recombination  of  hot  electrons  at  neutral 
acceptors  [5]  can  be  used  to  obtain  direct  infor¬ 
mation  on  the  valence  subband  anisotropy  [8].  In 
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a  backscattering  geometry,  with  the  laser  incident 
perpendicular  to  the  surface  of  a  (001)  oriented 
quantum  well,  define  /N  and  I  ±  as  the  intensity 
of  the  hot  PL  emitted  with  electric  field  <^PL 
polarized  parallel  or  perpendicular  to  the  electric 
field  of  the  laser  lfL,  respectively.  Then,  one  can 
show  [8]  that  for  a  pure  heavy  hole  state  (J  = 
3/2,  ntj=  ±3/2)  of  in-plane  wavevector  k 

In(k)-I±(k)ctcos2(2<l>),  (3) 

where  </>  is  the  angle  between  L  and  k.  In 
deriving  Eq.  (3),  we  have  summed  over  all  equiva¬ 
lent  directions  ±(<f>  +mr/2\  n  —  0,1,  2,  3.  A 
pure  light  hole  state  (/ =  3/2,  m7  =  ±  1/2)  is 
governed  by  the  same  polarization  selection  rule, 
except  for  a  change  of  sign. 

Experimentally,  the  luminescence  is  measured 
in  two  geometries:  W L  is  either  along  a  (100) 
crystal  axis  (i.e.  a  (10)  quantum  well  axis)  or 
along  a  (110)  crystal  axis  (i.e.  a  (11)  quantum 
well  axis).  For  each  geometry  we  measure  the 
difference  spectrum  I™  — I™.  The  measured 


Fig.  1.  Schematic  of  spectroscopy  using  the  recombination  of 
hot  electrons  at  neutral  acceptors.  CB  and  VB  refer  to  arbi¬ 
trary  conduction  and  valence  bands,  while  A0  is  the  neutral 
acceptor  level.  Ee  and  Eh  are  the  energies  of  the  hot  electron 
and  the  hot  hole  of  in-plane  wavevector  k ,  EG  and  EA  are 
the  band  gap  and  acceptor  binding  energy,  ha>L  is  the  laser 
energy,  and  ho)PL  is  the  energy  of  the  hot  luminescence  peak. 


WAVEVECTOR  (tt/q,  q=5.65A) 

Fig.  2.  Measured  (points)  and  calculated  (lines)  valence  band 
dispersions  for  the  quantum  well  samples  listed  in  Table  1. 
Data  are  derived  for  the  lowest  energy  heavy  and  light  hole 
bands,  with  the  calculations  for  the  [10]  direction  of  in-plane 
momentum  shown  as  solid  lines  and  the  [11]  direction  shown 
as  dashed  lines.  In  (b),  the  solid  points  are  from  the  conven¬ 
tional  quantum  well  sample,  while  the  open  circles  are  from 
the  coupled  well  sample.  For  the  calculations,  the  Luttinger 
parameters  of  GaAs  are  taken  from  Binggeli  and  Baldereschi 
[10]. 


spectrum  contains  contributions  from  hot  carriers 
with  all  directions  of  in-plane  wavevector,  with 
each  direction  weighted  by  Eq.  (3).  If  anisotropy 
is  present  in  the  bands,  then  different  directions 
of  k  will  correspond  to  different  values  of  Ec  and 
Eh  for  a  fixed  laser  energy.  From  Eq.  (3),  when 
is  parallel  to  a  (10)  quantum  well  direction, 
then  I™ -I™  has  no  contribution  from  carriers 
in  (11)  directions,  and  a  maximum  contribution 
from  carriers  in  [10]  directions.  The  reverse  is 
true  in  the  other  geometry,  where  JfL||(ll>.  A 
simultaneous  lineshape  fit  [8]  of  the  two  differ¬ 
ence  spectra  yields  the  quantum  well  dispersion 
in  the  (10)  and  (11)  directions. 
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Table  1 


GaAs/Al;cGa1_;cAs  p-doped  multiple  quantum  well  samples 


Well 

Width  (nm) 

Barrier 

aluminum 

content  x 

Barrier 

thickness 

(nm) 

Number  of 
periods 

Be-doping 

(cm-3) 

9.8 

0.38 

10.2 

100 

3X1017 

7.5 

0.32 

14.2 

30 

2X1018 

5.1 

0.315 

10.3 

100 

1018 

5.1 a 

0.315 

10.3 

50 

1018 

3.3 

0.325 

9.9 

100 

1018 

Each  well  is  Be-doped  in  the  central  1.0  nm  (3.5  nm  for  the 
9.8  nm  wells)  at  the  indicated  concentration.  In  the  coupled 
well  sample,  the  15.3  nm  well  is  not  doped.  All  samples  were 
grown  by  molecular  beam  epitaxy. 

a  Each  5.1  nm  well  is  coupled  to  a  15.3  nm  undoped  well  by  a 
2.6  nm  Al0  315Ga0  685As  barrier. 


The  valence  band  dispersion  determined  with 
these  experiments  is  shown  in  Fig.  2  for  quantum 
wells  ranging  in  width  from  3.3  to  9.8  nm,  where 
the  well  widths  and  barrier  aluminum  concentra¬ 
tion,  listed  in  Table  1,  are  determined  to  an 
accuracy  of  0.1  nm  and  1%  using  X-ray  rocking 
curves  and  confirmed  with  electron  microprobe 
measurements  and  photoluminescence.  The  split¬ 
ting  between  the  heavy  and  light  hole  bands  at 
k  =  0  is  determined  by  conventional  photolumi¬ 
nescence  excitation  measurements.  A  significant 
anisotropy  is  seen  for  the  heavy  hole  bands.  For 
the  light  hole  bands,  no  anisotropy  was  observed, 
suggesting  that  the  actual  anisotropy  is  less  than  a 
few  meV. 

The  band  edge  luminescence  of  quantum  wells 
is  typically  six  orders  of  magnitude  stronger  than 
the  hot  luminescence.  This  strong  band  edge 
emission  limits  the  ability  to  measure  the  hot 
luminescence  to  those  electrons  which  are  well 
above  the  conduction  band  minimum.  The  lack  of 
data  at  small  wavevectors  in  Figs.  2a,  2c  and  2d  is 
due  to  this  limitation.  To  obtain  the  data  shown 
as  open  circles  at  small  wavevector  in  Fig.  2b,  a 
coupled  quantum  well  sample  was  grown  as  a 
companion  to  the  conventional  5.1  nm  well.  In 
the  companion  sample,  each  5.1  nm  Be-doped 
well  is  weakly  coupled  to  a  15.3  nm  undoped  well 
through  a  2.6  nm  Al0315Ga0685As  barrier.  The 
band  edge  luminescence  from  the  5.1  nm  well  is 
thereby  suppressed  about  4  orders  of  magnitude 


by  tunneling  of  the  carriers  into  the  wider  well. 
The  hot  PL  is  not  affected  by  the  tunneling,  since 
it  is  emitted  on  a  much  shorter  ( ~  100  fs) 
timescale.  Thus  the  hot  PL  can  be  measured  to 
much  lower  energies,  mapping  the  dispersion  at 
small  k.  As  seen  in  Fig.  2b,  measurements  were 
obtained  from  both  samples  at  k  =  0  and  in  the 
region  k  Q.07ir/a.  These  measurements  gave 
essentially  the  same  results,  confirming  that  the 
weak  coupling  to  the  15.3  nm  well  does  not 
measurably  affect  the  dispersion  of  the  5.1  nm 
well. 

Random  errors  in  the  dispersion  measure¬ 
ments  come  mainly  from  the  inability  to  exactly 
determine  the  peak  energy  of  the  typically  10 
meV  wide  hot  luminescence  peaks.  These  ran¬ 
dom  errors  are  about  1.5  meV.  There  are  three 
main  sources  of  systematic  error.  The  first  is 
errors  in  the  determinations  of  EG  and  EA,  while 
the  second  is  from  the  calculated  conduction 
band  dispersion.  These  determinations  and  calcu¬ 
lations  are  discussed  elsewhere  [7],  and  are  shown 
to  produce  at  most  a  ±2  meV  error  in  the  hole 
energy  and  a  ±5%  error  in  the  wavevector.  The 
systematic  error  may  be  slightly  larger  for  the 
narrowest  quantum  well  studied  (3.3  nm),  where 
the  broad  exciton  features  of  the  photolumines¬ 
cence  excitation  spectrum  did  not  allow  an  exper¬ 
imental  determination  of  the  exciton  binding  en¬ 
ergy.  An  accurate  calculation  of  the  2s-to-con- 
tinuum  energy  of  the  acceptor  [9],  which  is  needed 
for  the  determination  of  EA,  is  also  not  available 
for  the  3.3  nm  well.  The  third  source  of  system¬ 
atic  error  is  introduced  by  the  lineshape  fitting 
procedure  [8].  Because  two  spectra  are  simultane¬ 
ously  fit,  the  obtained  dispersions  are  insensitive 
to  the  details  of  the  fit  and  an  error  of  only  about 
0.5  meV  is  introduced.  This  is  the  only  significant 
systematic  error  in  the  determination  of  the 
anisotropy,  as  the  other  errors  rigidly  shift  the 
<11)  and  <10)  directions  together. 

Because  of  the  accuracy  of  this  experimental 
determination,  it  is  now  possible  to  make  a  de¬ 
tailed  comparison  with  k  •  p  calculations  [4]  of  the 
valence  band  dispersion  in  GaAs/AlGaAs  quan¬ 
tum  wells.  Such  a  comparison  is  shown  in  Fig.  2. 
In  agreement  with  theoretical  expectations,  the 
measurements  show  that  the  heavy  hole  subband 
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in  the  (10)  directions  is  more  dispersive  than  in 
the  (11)  directions.  The  inability  to  observe 
warping  of  the  light  hole  subbands  is  also  consis¬ 
tent  with  the  calculations.  Substantial  non- 
parabolicity  is  seen  in  both  the  data  and  the 
calculation.  The  measurements  at  small  k 
demonstrate  the  inflection  of  the  heavy  hole  band 
at  k  =  0.04  77/0  which  results  from  interaction 
with  the  light  hole  band.  It  is  also  evident  that  the 
light  hole  band  must  have  a  large  and  probably 
negative  mass  near  k  =  0.  Overall,  the  quantita¬ 
tive  agreement  is  quite  good.  For  the  3.3  nm 
quantum  well,  the  agreement  is  greatly  improved 
if  one  assumes  a  3  meV  larger  value  for  EA .  As 
discussed  above,  EA  is  subject  to  a  larger  error 
for  this  sample  than  for  the  wider  wells. 

For  the  calculations  shown  in  Fig.  2,  the  values 
for  the  Luttinger  parameters  in  GaAs  are  those 
suggested  in  the  recent  analysis  of  acceptor  spec¬ 
tra  by  Binggeli  and  Baldereschi  [10].  For 
Al^Ga^As,  Luttinger  parameters  were  derived 
from  a  linear  interpolation  between  these  values 
and  those  for  AlAs  as  suggested  by  the  calcula¬ 
tions  of  E.  Hess  et  al.  [11].  The  bandgap  of 
Al^Ga^As  is  taken  as  1.519  +  1.445*  eV,  with 
35%  of  the  bandgap  discontinuity  occurring  in 
the  valence  band.  Except  for  the  3.3  nm  well,  the 
heavy  and  light  hole  confinement  energies  are 
much  less  than  the  barrier  height  and  very  little 
of  the  hole  wavefunction  is  present  in  the  barrier. 
Then,  the  influence  of  band  gap  discontinuity  and 
the  Luttinger  parameters  of  Al^Ga^As  on  the 
valence  band  dispersions  is  small,  and  we  can 
compare  the  effects  of  various  other  choices  [12- 
15]  for  the  Luttinger  parameters  of  GaAs.  Such  a 
comparison  is  shown  in  Fig.  3.  Examination  of 
this  figure,  and  analogous  figures  for  the  other 
samples,  shows  that  the  calculated  differences 
using  the  various  Luttinger  parameters  is  typically 
only  a  few  meV.  Although  these  differences  are 
small,  some  conclusions  may  still  be  drawn  about 
the  various  sets  of  parameters.  Consistently,  the 
parameters  of  K.  Hess  et  al.  [12]  and  Binggeli  and 
Baldereschi  [10]  give  results  for  the  heavy  hole 
anisotropy  which  are  in  agreement  with  the  mea¬ 
surements.  Those  of  Shanabrook  et  al.  [14]  and 
Skolnick  et  al.  [13]  consistently  underestimate  the 
anisotropy.  (The  Luttinger  parameters  proposed 
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Fig.  3.  The  effect  of  varying  the  Luttinger  parameters  of  GaAs 
on  the  calculated  dispersion  of  the  5.1  nm  quantum  wells.  The 
data  in  all  cases  are  the  same  as  Fig.  2b,  rigidly  shifted  to 
match  the  calculated  heavy  hole  confinement  energy  at  k  =  0. 
(a)  is  the  same  calculation  as  Fig.  2b.  (b)  uses  the  Luttinger 
parameters  of  K.  Hess  et  al.  [12],  (c)  uses  those  of  Shanabrook 
et  al.  [14],  and  (d)  those  of  Skolnick  et  al.  [13]. 


by  Molenkamp  et  al.  [15]  are  essentially  the  same 
as  those  of  Shanabrook  et  al.)  The  systematic 
errors  in  the  measurement  of  the  anisotropy  are, 
as  discussed  above,  less  than  1  meV.  In  bulk 
GaAs,  and  by  extension  in  GaAs/Al^Ga^As 
quantum  wells,  the  magnitude  of  the  anisotropy  is 
governed  by  the  Luttinger  parameters  y2  and  y3 
through  the  value  [14]  of  C2  =  3(yf  -  yf).  The 
value  of  C 2  is  significantly  larger  for  K.  Hess  et 
al.  and  Binggeli  and  Baldereschi  than  it  is  for 
Shanabrook  et  al.  and  especially  Skolnick  et  al. 
Based  on  the  present  results,  we  can  say  that  the 
larger  anisotropy  is  correct.  In  addition,  the  pa¬ 
rameters  of  Skolnick  et  al.  consistently  give  too 
large  a  splitting  of  heavy  and  light  holes  at  k  =  0, 
while  the  other  sets  of  Luttinger  parameters  give 
results  within  about  2  meV  of  the  measured  split- 
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tings.  We  have  also  investigated  the  effects  of 
changing  the  valence  band  offset  in  the  calcula¬ 
tions.  We  find  that  it  has  little  effect  on  the 
calculated  dispersions  other  than  to  change  the 
splitting  of  heavy  and  light  holes. 

In  summary,  these  optical  measurements  of 
valence  band  dispersions  provide  meV  accuracy 
and  therefore  allow  detailed  comparison  with  cal¬ 
culated  band  structure  of  quantum  wells.  The 
main  features  of  the  calculations,  such  as  the 
interaction  between  heavy  and  light  hole  bands 
and  the  significant  anisotropy  of  the  heavy  hole 
band,  are  seen  in  the  measurements.  Overall,  the 
Luttinger  parameters  proposed  by  Binggeli  and 
Baldereschi  [10]  give  the  most  consistent  quanti¬ 
tative  agreement  with  the  measurements. 

Finally,  it  is  interesting  to  note  that,  while 
none  of  the  hot  hole  states  in  the  quantum  wells 
examined  here  are  within  the  valence  band  of  the 
Al  j^-Ga  i  _x  As  barriers,  the  highest  energy  hot 
electron  states  in  the  quantum  wells  exceed  the 
conduction  band  minima  of  the  barriers  by  more 
than  70  meV.  No  unusual  broadening  or  other 
changes  were  noted  in  the  luminescence  spectra 
as  the  conduction  band  minimum  of  the  barrier 
was  crossed.  Thus,  these  high  kinetic  energy  elec¬ 
tron  states  remain  confined  to  the  quantum  well 
even  for  /c-values  large  enough  that  the  electron 
energy  is  above  the  k  =  0  conduction  band  energy 
of  the  barriers. 
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Abstract 

The  time  evolution  of  the  polarized  luminescence  is  used  to  provide  a  better  understanding  of  the  relaxation 
processes  of  excitons  in  quantum  wells.  We  established  and  solved  a  coupled  set  of  rate  equations  for  the  exciton 
spin  populations  in  which  the  spin  relaxation  mechanisms  include  the  exchange  interaction  and  individual  spin-flip  of 
the  electrons  and  holes.  A  time-dependent  energy  distribution  for  the  excitons  is  used  to  account  for  the 
thermalization  effect.  The  dependence  of  the  exchange-driven  channel  on  a  longitudinal  electric  field  is  shown  to  be 
useful  in  determining  its  relative  importance  among  various  competing  spin  relaxation  channels. 


1.  Introduction 

The  exciton  spin  dynamics  in  quantum  wells 
have  been  the  subject  of  intense  research  in  re¬ 
cent  years,  stimulated  by  advances  in  ultra-fast 
laser  spectroscopy  [1-5].  Since  great  accuracy  in 
time  resolution  is  obtained,  it  has  been  possible 
now  to  differentiate  between  different  processes 
which  affect  the  exciton  relaxation  before  its  re¬ 
combination.  For  instance,  it  has  been  observed 
[2]  that  exciton-phonon  interaction  strongly 
changes  the  time  dependence  of  the  lumines¬ 
cence  intensity  giving  rise  to  what  is  known  as  the 
thermalization  effects.  In  part,  this  process  is  also 
responsible  for  the  long  lifetimes  observed  for 
excitons  in  confined  systems  [6],  masking  the  fast 
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intrinsic  recombination  processes  theoretically 
predicted  [7]  from  the  studies  of  exciton-photon 
interaction  in  these  same  systems  which  would 
occur  in  the  initial  stages  of  the  exciton  relax¬ 
ation. 

The  spin  relaxation  processes  of  the  excitons 
are  an  integral  part  of  the  information  that  needs 
to  be  incorporated  for  a  detailed  understanding 
of  the  exciton  dynamics.  The  use  of  polarized 
light  in  time-resolved  experiments  makes  possible 
a  comprehensive  analysis  of  the  exciton  dynamics 
including  a  proper  treatment  of  the  spin  vari¬ 
ables.  Most  of  the  attempts  [3,8,9]  to  understand 
the  spin  dynamics  of  excitons  have  been  based  on 
results  obtained  from  theories  that  are  specifi¬ 
cally,  and  to  certain  degree  successfully,  applied 
to  the  case  where  only  single-particle  spin-flip, 
either  for  electrons  or  holes  in  doped  quantum 
wells,  is  considered  [10-12].  The  excitonic  effect 
has  only  been  qualitatively  discussed  and  its  im- 
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portance  has  been  clearly  evident  from  experi¬ 
ments  in  undoped  quantum  wells  [3,8,13]. 

The  purpose  of  this  paper  is  to  present  a 
theoretical  study  of  the  time  dependence  of  the 
polarized  luminescence,  clarifying  some  aspects 
that  may  be  useful  in  the  analysis  of  future  exper¬ 
iments  on  the  exciton  spin  dynamics.  Various 
relaxation  mechanisms  are  treated  using  a  rate 
equation  approach  to  determine  the  time  evolu¬ 
tion  of  the  exciton  spin  populations  in  quantum 
wells.  A  brief  review  of  each  mechanism  is  given 
and  emphasis  is  placed  on  the  spin  relaxation 
channel  driven  by  the  exchange  interaction,  where 
the  use  of  a  longitudinal  electric  field  is  also 
investigated  in  order  to  access  the  relative  impor¬ 
tance  of  this  interaction  in  the  spin  relaxation 
process.  A  microscopic  theory  of  the  spin  relax¬ 
ation  involving  exchange  was  given  in  Ref.  [14] 
and  a  preliminary  study  was  initiated  there  on  the 
competition  between  exchange  and  single-particle 
spin-flip  processes.  In  this  paper,  the  recombina¬ 
tion  and  thermalization  processes  are  treated  on 
an  equal  footing  with  the  spin  relaxation  pro¬ 
cesses,  because  they  also  influence  the  physical 
picture  of  the  time  evolution  of  the  polarized 
luminescence. 


2.  The  relaxation  processes 

Consider  an  undoped  quantum  well  being 
pumped  by  a  pulse  of  light  propagating  along  its 
growth  direction  (call  it  the  z-direction).  Since  we 
are  mainly  concerned  with  excitonic  effects,  we 
assume  a  resonant  condition  in  which  only  the 
lowest  energy  heavy-hole  exciton  states  (hhe)  are 
excited.  Although  this  excitation  is  a  special  case, 
it  has  been  the  one  that  most  clearly  showed  [3,8] 
the  importance  of  relaxation  processes  which  oc¬ 
cur  more  generally  and  which  we  wish  to  investi¬ 
gate  in  this  paper.  Here,  the  spin  states  in  ques¬ 
tion  are  those  for  the  hhe,  i.e.  |  ±  2)  and  |  +  1),  as 
shown  in  Fig.  1.  If  the  initial  pump  has  a  positive 
circular  polarization,  then  angular  momentum 
conservation  dictates  that  a  |  +  1 )  spin  population 
is  created.  The  relaxation  processes  that  follow 
this  initial  excitation  will  determine  the  popula¬ 
tion  of  other  spin  states,  as  well  as  the  changes  in 


l+l>  !-l> 


Fig.  1.  The  energy  levels  of  the  ground-state  hhe  is  shown. 
The  energy  splitting  A£SR  is  due  to  the  short-range  exchange 
(see  Ref.  [14]).  The  spins  are  written  as  |o-e  +  /h>,  e.g.  |  +  2)  = 
|+5,  +§>.  Dashed  lines  indicate  forbidden  transitions  to  the 
dark  states. 


the  distribution  of  the  exciton  center-of-mass  ki¬ 
netic  energy,  E.  Let  us  define  the  vector  N(E)  = 

( N+2 ,  N+l,  N_x,  N_2 )  as  the  exciton  population 
density  at  energy  E ,  whose  components  specify 
different  spin  populations. 

The  exciton  relaxation  can  be  described  by  a 
rate  equation  in  the  form 

dN(E )  , 

—±-L=(dE’M{E,E')-N(E’),  (1) 

d7  J 

where  in  the  matrix  M  are  the  relaxation  pro¬ 
cesses  that  affect  the  exciton  dynamics  and  conse¬ 
quently  its  luminescence.  In  the  next  subsections 
we  examine  some  of  these  processes  starting  with 
the  spin  relaxation  process  driven  by  the  ex¬ 
change  interaction. 

2.1.  The  exchange  interaction 

The  exchange  interaction  is  derived  [15]  from 
the  Coulomb  interaction  between  the  electron 
and  hole.  It  can  be  seen  as  the  annihilation  of  the 
electron-hole  pair  and  its  subsequent  creation. 
Since  this  process  is  mediated  by  a  Coulomb  line 
it  can  only  be  effectively  coupled  to  the  optically 
active  spin  states  |  ±  1)  and,  of  course,  it  has  to 
conserve  the  total  angular  momentum.  Therefore, 
this  interaction  by  itself  cannot  flip  the  exciton 
spin.  An  additional  mechanism  is  needed  in  con¬ 
junction  with  it  to  create  a  spin  relaxation  chan¬ 
nel.  As  an  example  of  how  this  is  accomplished, 
we  consider  the  contribution  given  by  the  long- 
range  part  of  the  exchange  interaction,  because 
the  short-range  part  cannot  directly  flip  the  hhe 
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spin  and  it  was  shown  to  be  very  weak  in  confined 
systems  (for  more  details,  see  Ref.  [14]). 

The  long-range  part  is  just  an  excitonic  dipolar 
interaction  that  is  responsible  for  the  nonre- 
tarded  contribution  to  the  polariton  effect  in  bulk 
[16].  Therefore  it  depends  on  the  relative  direc¬ 
tion  between  the  exciton  center-of-mass  momen¬ 
tum,  K ,  and  its  electric  dipole  moment.  If  the 
momentum  state  is  well  defined,  so  will  be  the 
excitonic  eigenstates  when  this  interaction  is  con¬ 
sidered,  giving  rise  to  the  longitudinal-transverse 
exchange  splitting.  However,  it  is  well  known  [17] 
that  the  exciton  interactions  with  acoustic 
phonons,  quantum  well  rough  interfaces  and  im¬ 
purities  are  able  to  quickly  scatter  the  momentum 
K,  and  in  this  case  the  exchange  interaction  does 
not  yield  a  spin  splitting  but  rather  establishes  a 
spin  relaxation  channel  between  the  |±1>  spin 
states.  This  is  similar  to  other  motional  narrowing 
processes  [18]  in  which  the  spin  relaxation  time 
rex  is  given  by 

-1—  =  [nex(K)]\*,  (2) 

Tex(£) 


where  Oex(K)  is  the  ^-dependent  exchange  fre¬ 
quency  (i.e.  the  exchange  splitting  in  the  quantum 
well  divided  by  h)  and  r*  is  approximately  the 
momentum  scattering  time  [14].  In  this  equation 
the  E  dependence  of  rex  is  taken  to  come  only 
from  the  momentum  dependent  term  on  the 
right-hand  side  of  (2).  This  relaxation  channel 
contributes  to  M  in  the  rate  equation  (1)  as 
(putting  N  in  a  column  matrix  form) 


Mex(£,  E') 


8(E-E') 


1 


2tcx(£) 


(0 

0 

0 

10 


0  0^ 
1  0 
-1  0 
o  o; 


(3) 


The  5-function  in  energies  restricts  the  spin  re¬ 
laxation  process  to  occur  within  the  same  energy 
shell,  that  is,  r*  is  determined  only  by  elastic 
processes.  This  seems  to  be  a  reasonable  approxi¬ 
mation  since  the  elastic  scattering  is  faster  than 


the  inelastic  one  [19].  The  latter  will  be  included 
in  the  thermalization  effects  below. 

2.2.  Single-particle  spin- flip 

For  free  electrons  in  the  conduction  band  sev¬ 
eral  mechanisms  have  been  identified  [20]  as  be¬ 
ing  able  to  relax  their  spins,  all  requiring  large 
electronic  energies  to  have  sufficient  phase  space 
for  the  scattering  process  to  be  effective.  Even  at 
these  large  energies  the  relaxation  of  the  electron 
spin  is  found  to  be  slow,  with  the  shortest  relax¬ 
ation  times  measured  [8]  at  re  »  150  ps  in  p-doped 
samples  where  the  electron-hole  scattering  (BAP 
mechanism  [20])  appeared  as  the  most  likely  ef¬ 
fective  process.  However,  at  the  present  time 
there  is  yet  no  specific  theory  treating  the  spin 
relaxation  for  individual  electrons  and  holes  which 
are  constituent  of  excitons  in  quantum  wells. 

For  free  holes  in  the  valence  band,  spin  relax¬ 
ation  has  been  observed  [8]  to  be  very  fast,  relying 
basically  on  the  strong  spin  mixing  between  heavy 
and  light  hole  states  [10,11].  In  confined  systems 
this  mixing  decreases  for  smaller  momenta  and 
we  expect  a  somewhat  weaker  relaxation  for  hole 
in  the  excitonic  state  when  compared  to  the  pro¬ 
cesses  for  free  carriers.  In  the  bound  state  the 
hole  momentum  distribution  is  limited  by  the 
exciton  binding  energy,  and  that  is  small  enough 
to  slow  down  the  hole  spin  relaxation. 

Even  without  a  detailed  knowledge  of  these 
processes  for  excitons  in  quantum  wells,  we  can 
phenomenologically  incorporate  single-particle 
spin-flip  into  (1).  Here  we  assume  that  the  spin 
relaxation  times  for  the  electron,  re,  and  hole,  rh, 
are  energy  independent.  The  matrix  Msp  for  this 
contribution  is  the  same  one  given  in  Eqs.  (2.3- 
2.5)  in  Ref.  [14]  and  it  will  not  be  shown  here. 

2.3.  Thermalization  effects 

At  low  temperatures  it  has  been  observed  [2] 
that  the  exciton  interaction  with  acoustic  phonons 
is  very  important  in  determining  the  time  evolu¬ 
tion  of  the  luminescence  intensity.  The  thermal¬ 
ization  process  should  be  included  in  Eq.  (1)  [21]. 
This  energy  relaxation  channel  can  be  accounted 
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for  by  a  term  of  the  form: 


Mlh{E,E') 

1 

=  t(£,  £') 


S(E-E')  J 


d  E" 

r(E",  E) 


X  1, 

(4) 


where  1  is  the  4x4  unit  matrix  and 


1  [TthfeBrin2]-1 

t(E,E')  1  +  e(-E~E">/kBT 


(5) 


is  the  transition  probability  of  scattering  from  a 
state  with  energy  E'  to  another  with  energy  E. 
The  factors  in  (5)  are  arranged  such  that 


1  ,  d  E' 

r(E',  0)’ 


a  quantity  that  gives  the  initial  decrease  in  the 
luminescence  intensity  for  resonantly  excited 
quantum  wells  and  is  estimated  from  experiments 

[2,3]. 


2.4 .  Recombination 


Due  to  the  lack  of  translational  symmetry  along 
the  quantum  well  growth  direction  the  coupling 
between  excitons  and  photons  is  substantially 
modified  from  the  one  that  takes  place  in  bulk. 
Now  the  polariton  modes  are  unstable  and  a  very 
fast  intrinsic  recombination  process  is  expected 
[7,6,22].  These  processes  must  be  included  in  a 
complete  analysis  of  the  time-resolved  lumines¬ 
cence  data  [21].  Only  excitions  close  to  the  mini¬ 
mum  of  the  kinetic  energy,  K  ~  0,  are  able  to 
couple  to  radiation,  those  thermalized  to  larger-i£ 
states  cannot  recombine  until  they  are  scattered 
back  to  lower  energies  inside  the  light  cone.  Call 
this  energy  limit  Ev  We  then  approximately  de¬ 
scribe  the  recombination  rate  by 


Mr(E,  E') 

1 

= - 8(E-E')9(E1-E') 

Tr 

'0  0  0  0' 

0  10  0 
0  0  10’ 
lo  0  0  o] 


(6) 


where  6  is  the  step  function,  rR  the  recombina¬ 
tion  time  for  those  excitons  with  energy  smaller 
than  j El  and  we  have  used  the  fact  that  only 
|  +  1)  spin  states  are  optically  active.  We  have 
neglected  in  Eq.  (6)  the  energy  dependence  of  rR 
and  also  the  possible  presence  of  nonradiative 
processes. 


2.5.  The  generation  term 


We  assume  that  the  incident  pulse  of  light 
propagating  along  the  z-direction  has  a  Gaussian 
shape  creating  an  initial  polarized  exciton  popu¬ 
lation  as  a  function  of  time  such  as  [21] 


t-(t/T)2 

Mg{E,  E\  t)  =  8(E)8(E')Nex-^r 


10  0 
1+  P 


0  0 

*0  0 


0 

0 

1  -  p 

2 

0 


o' 

0 

J 

0 

0/ 

(7) 


where  P  is  the  initial  polarization,  T  =  rp/2t/ln  2 
and  Tp  is  the  pulse  width.  In  Eq.  (7)  Nex  is  the 
exciton  density  and  the  resonant  condition  is  used 
so  that  only  excitons  with  zero  kinetic  energy  are 
created. 


3.  Results  and  discussion 

We  solved  the  rate  equation  (1)  numerically. 
The  various  parameters  that  enter  the  calculation 
were  estimated  as  follows.  To  calculate  rex(£) 
from  Ref.  [14]  we  only  need  the  momentum  scat¬ 
tering  time  which  we  assumed  to  be  r*  *  T2^ 
2 h/Eh,  where  T2  is  the  exciton  dephasing  time 
and  rh  the  homogeneous  linewidth.  We  used 
t*  —  6  ps.  For  processes  involving  single-particle 
spin-flip  we  used  a  slow  time  for  the  electrons, 
re  =  100  ps,  and  a  faster  one  for  holes,  rh  =  20  ps. 
For  the  recombination  time  we  used  a  small 
value,  tr  =  30  ps,  as  theoretically  expected  [22] 
and  a  thermalization  time  of  same  order,  rth  =  50 


260 


M.Z.  Maialle,  L.J.  Sham  / Surface  Science  305  (1994)  256-262 


Fig.  2.  In  the  top  panel  are  the  spin  populations  of  optically 
active  excitons  and  in  the  bottom  panel  the  total  and  spin 
intensities  as  explained  in  the  text. 


ps,  as  experimentally  observed  [3].  The  tempera¬ 
ture  is  kept  fixed  at  10  K,  the  pulse  width  is  set  to 
be  Tp  —  5  ps  and  we  consider  a  150  A  wide 
infinity-barrier  quantum  well.  The  initial  polar¬ 
ization  is  assumed  to  be  P=  1,  El  =  0.2  meV, 
A£Sr  =  0.05  meV  and  Nex  =  1010  cm-2. 

In  Fig.  2  we  show  how  different  spin  relaxation 
processes  can  affect  the  polarized  luminescence. 
We  studied  three  distinct  cases:  (ex)  when  only 
the  exchange-driven  channel  is  present,  (sp)  when 
only  single-particle  spin  relaxation  channels  are 
considered,  and  (sp  +  ex)  when  both  processes 
take  place  simultaneously.  In  the  top  panel  the 
spin  population  of  optically  active  states  are 
shown  as  a  function  of  time  for  those  excitons 
which  are  able  to  recombine.  Therefore  this  cor¬ 
responds  to  the  polarized  intensities.  In  the  lower 
panel  we  plotted  the  total  and  spin  intensities, 


I  =  (N+1+N_l)  and  S  =  (N+1-N_1),  respec¬ 
tively. 

We  first  comment  on  the  effects  of  thermaliza- 
tion.  Extremely  short  intrinsic  recombination 
times  for  excitons  in  quantum  wells  have  been 
predicted  in  some  theoretical  studies  [7,6,22],  al¬ 
though  experimental  evidence  of  this  fact  is  not 
yet  fully  established.  It  is  believed  that  the  ther- 
malization  effects  [21,6,22]  mask  the  fast  intrinsic 
recombination  because  they  populate  large  en¬ 
ergy  excitonic  states  that  are  no  longer  able  to 
radiate.  The  net  effect  expected  is  then  a  long 
decay  of  the  luminescence  intensity  after  thermal 
equilibrium  is  partially  reached,  and  that  can  be 
interpreted  as  a  long  lifetime  for  exciton  in  better 
agreement  with  the  experimental  values  encoun¬ 
tered  for  the  luminescence  decay  [21].  In  Ref.  [14] 
that  long  lifetime  was  used  to  obtain  the  time 
dependence  of  the  luminescence.  Here,  by  con¬ 
trast,  full  account  is  taken  of  the  fast  recombina¬ 
tion  and  of  the  thermalization  effects.  As  ob¬ 
served  in  Fig.  2,  the  total  intensity,  /,  does  not 
show  a  single-exponential  decay.  The  fast  initial 
drop  in  the  intensity  is  due  to  the  combined 
effects  of  thermalization  and  intrinsic  radiative 
processes  and  the  slow  decay  follows  when  the 
thermal  equilibrium  phase  discussed  above  sets 
in.  Moreover,  if  single-particle  spin  relaxation  is 
present,  not  only  the  spin  intensity,  S,  but  also 
the  total  intensity,  I,  is  affected  since  the  excitons 
are  now  able  to  flip  their  spins  to  the  |  ±  2)  dark 
states.  This  can  be  seen  contrasting  the  cases  (ex) 
and  (sp)  in  the  lower  panel  of  Fig.  2.  The  ex¬ 
change  channel  does  not  contribute  to  any 
changes  in  I  because  it  only  couples  the  |  ±  1 ) 
states. 

From  the  top  panel  of  this  figure  we  can  see 
that  the  exchange  interaction  is  very  effective  in 
bringing  the  |±1)  spin  populations  to  equilib¬ 
rium.  This,  however,  does  not  happen  for  the 
single-particle  case  where  the  two  populations 
slowly  tend  to  each  other.  The  reason  is  that 
single-particle  spin-flip  moves  |  ±  1)  states  to  the 
|  ±  2)  dark  states. 

When  an  electric  field  is  applied  along  the 
z-direction  it  decreases  the  wave  function  overlap 
for  the  electron-hole  pair.  Since  the  exchange 
interaction  depends  on  the  virtual  recombination 
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Fig.  3.  The  time  dependence  for  the  spin  populations  and 
intensities  are  shown  for  spin-flip  processes  driven  only  by  the 
exchange  interaction  (ex)  for  various  strengths  of  electric 
field. 

and  creation  of  the  pair,  it  will  be  strongly  af¬ 
fected  [14].  To  appreciate  better  the  field  effects 
on  the  exchange,  we  keep  all  the  other  parame¬ 
ters  unchanged  with  the  field  and  vary  only  rex. 
In  Fig.  3  we  show  the  electric  field  dependence 
for  the  (ex)  case,  where  we  clearly  see  the  spin 
relaxation  process  being  suppressed.  However,  if 
there  is  present  any  contribution  from  single-par¬ 
ticle  spin-flip  processes,  the  field  dependence  may 
be  much  weakened,  as  shown  in  Fig.  4  for  the 
(sp  +  ex)  case.  Fig.  5  gives  an  example  of  how  rex 
depends  on  the  exciton  kinetic  energy,  E,  and  on 
the  longitudinal  electric  field,  F,  for  T—  10  K. 

In  conclusion,  we  have  presented  here  a  study 
addressing  the  time  dependence  of  the  polarized 
luminescence  that  may  be  useful  in  distinguishing 
contributions  from  different  spin  relaxation  pro¬ 
cesses  for  excitons  in  quantum  wells.  A  longitudi¬ 


Fig.  4.  Time  dependence  of  the  spin  populations  when  single¬ 
particle  and  exchange  spin-flips  are  considered  (sp  +  ex). 


nal  electric  field  is  expected  to  affect  strongly  the 
exchange  interaction  and  can  be  used  to  detect 
the  importance  of  processes  relying  on  this  inter- 


Fig.  5.  The  energy  dependence  of  the  spin  relaxation  time  rex 
obtained  from  Ref.  [14]. 


262 


M.Z.  Maialle,  L.J.  Sham  /Surface  Science  305  (1994)  256-262 


action  if  it  plays  a  prominent  role.  Thermalization 
effects  are  also  considered  as  is  the  rapid  recom¬ 
binations  of  confined  excitons  to  describe  more 
realistically  the  radiative  processes  in  a  quantum 
well. 
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Abstract 

The  dependence  of  the  hole  spin  relaxation  on  the  electron  density  is  studied  in  a  n-modulation  doped  75  A 
GaAs/  AlGaAs  quantum  well  by  means  of  cw  and  time-resolved  photoluminescence  techniques.  A  slow  hole  spin 
relaxation  time  has  been  measured  (~  1  ns)  and  the  polarization  has  been  found  to  be  strongly  dependent  on  the 
in-plane  wavevector  of  the  photocreated  holes.  Calculations  are  presented  which  support  the  experimental  findings. 


In  bulk  semiconductors,  due  to  the  fourfold 
degeneracy  of  the  top  of  the  valence  band,  holes 
relax  their  spin  quasi-instantaneously.  In  quan¬ 
tum-well  structures,  where  this  degeneracy  is 
lifted,  a  substantial  change  in  the  hole  spin  relax¬ 
ation  process  is  expected  [1,2]. 

In  this  paper  we  present  an  experimental  study 
of  cw  and  time-resolved  photoluminescence  (PL) 
on  a  n-modulation  doped  75  A  GaAs/GaAlAs 
quantum  well  embedded  in  a  p-i-n  diode.  The 
electrons  transfer  to  the  well  from  a  Si  5-doping 
plane.  AuGeNi-Au  contacts  are  taken  both  on 
the  p+  back  side  and  the  n+  cap  layer,  leaving  a 
150  i±m  diameter  window  for  optical  measure¬ 
ments.  The  electron  density  Ns  is  estimated  from 
measurement  of  the  Stokes  shift  between  the  PL 
line  and  the  first  peak  in  the  PLE  spectrum  [3] 
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and  varies  from  1011  to  1012  cm-2.  For  this  range 
of  electron  concentration  screening  and  occu¬ 
pancy  effects  are  sufficient  to  prevent  the  exis¬ 
tence  of  excitons  [3].  All  measurements  were  done 
at  T  =  4  K.  CW  measurements  have  been  per¬ 
formed  by  standard  dye  laser  and  lock-in  tech¬ 
niques.  For  the  time-resolved  measurements  the 
optical  excitation  (5  ps  duration  and  76  MHz 
repetition  rate)  was  provided  by  a  pyridine  dye 
laser  and  the  photoluminescence  was  analysed  by 
a  synchroscan  streak  camera  (20  ps  effective  reso¬ 
lution). 

Typically  a  Stokes  shift  dependent  on  the  bias 
voltage  is  observed  between  the  PL  peak  and  the 
first  peak  of  the  PLE  spectrum  corresponding  to 
El* HI*,  the  first  band-to-band  transition  at  the 
Fermi  wavevector  k¥.  A  second  peak  correspond¬ 
ing  to  the  El* LI*  transition  and  a  small  struc¬ 
ture  at  higher  energy,  corresponding  to  the  band- 
to-band  transition  E2H1  at  k^  =  0  (the  quantum 
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well  is  asymmetric  due  to  the  electric  field),  are 
also  observable  [4]. 

A  significant  variation  of  the  polarization  P™ 
of  the  PL  line  has  been  measured  as  a  function  of 
the  excitation  energy;  Pcw  is  maximum  when 
exciting  in  the  vicinity  of  the  El* HI*  transition 
and  decreases  steeply  as  soon  as  the  excitation 
energy  approaches  the  El* LI*  transition.  More¬ 
over  Pcw  exhibits  a  secondary  maximum  for  an 
excitation  energy  corresponding  to  the  E2H1 
transition.  The  dependence  on  the  applied  bias  of 
^ei*hi*>  polarization  of  the  PL  line  when 
exciting  at  the  El* HI*  transition  energy,  and 
consequently  its  dependence  on  Ns,  is  depicted 
in  Fig.  la.  As  Ns  increases  from  1011  to  1012 
cm”2,  PE1*H1*  decreases  from  65%  to  10%;  un¬ 
der  the  same  conditions  P E2hi>  polarization 

when  exciting  the  quantum  well  structure  at  the 
E2H1  transition  energy,  remains  constant  at  about 
20%. 

Time-resolved  PL  measurements  after  circu¬ 
larly  polarized  excitation  give  access  to  three  dif¬ 
ferent  quantities:  the  initial  polarization  P( 0)  of 
the  system  at  t  =  0,  the  spin  relaxation  time  rs 
and  the  PL  decay  time  tr.  For  a  given  bias,  the 
dependence  of  P(0)  on  the  excitation  energy  is 
similar  to  the  one  observed  for  the  polarization 
Pcw  after  cw  excitation.  In  the  same  range  of 
excitation  energy,  no  significant  variation  of  the 
recombination  time  and  spin  relaxation  time  is 
observed.  The  dependence  of  P(0)  on  the  bias 
voltage  is  shown  in  Fig.  la  (♦).  In  Fig.  lb,  rR  and 
rs  are  shown  as  a  function  of  the  applied  voltage; 
while  rs  remains  fairly  constant  and  of  the  order 
of  1  ns,  tr  decreases  from  300  to  100  ps  as  the 
bias  goes  from  0  to  8  V.  This  decrease  of  rR 
occurs  at  the  same  voltage  as  the  decrease  of  the 
cw  PL  efficiency  and  coincides  with  the  appear¬ 
ance  of  a  reverse  current  in  the  p-i-n  diode.  This 
variation  is  likely  related  to  an  evolution  of  the 
nonradiative  channels  responsible  for  the  carriers 
recombination. 

Photoluminescence  from  our  n-modulation 
doped  quantum  well  originates  from  band-to-band 
recombination  of  electrons  of  the  Fermi  sea  and 
photoexcited  holes.  Due  to  the  presence  of  a  2D 
electron  gas,  when  the  quantum  well  is  excited  at 
its  El* HI*  transition,  heavy  holes  are  created  at 


N  (  x  1011  cm"2  ) 
& 


Applied  voltage  (V) 

Fig.  1.  (a)  CW  polarizations  PE1*H1*  (•)  and  PE2H1  (o)  for 
excitation  energies  corresponding  to  the  El* HI*  and  E2H1 
transition  energies  of  the  75  A  quantum  well  as  a  function  of 
the  applied  voltage  (lower  scale)  or  the  electron  density  (up¬ 
per  scale).  The  initial  polarization  measured  in  time-resolved 
experiments  is  also  reported  (♦).  (b)  Recombination  time  rR 
(o)  and  spin  relaxation  time  rs  (□)  as  a  function  of  the 
applied  bias. 

k\\  =  k¥,  without  superimposed  excitation  of  light 
holes.  The  application  of  a  bias,  modulating  the 
electron  concentration,  and  consequently  kF ,  al¬ 
lows  one  to  study  the  optical  properties  of  heavy 
hole  photocreated  at  different  in-plane  wavevec- 
tors. 

In  our  time-resolved  measurements  the  popu¬ 
lation  of  photocreated  electrons  (estimated  to 
1010  cm”2)  is  always  at  least  one  order  of  magni¬ 
tude  smaller  than  JVS.  In  our  cw  experiments,  the 
concentration  of  photocarriers  per  unit  time  is  of 
the  order  of  10 17  cm”2  s”1  and  a  continuous 
pumping  of  the  Fermi  sea  cannot  occur  [5].  Un¬ 
der  these  conditions  any  saturation  effect  due  to 
a  polarization  of  the  Fermi  sea  can  be  neglected. 
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Thus,  all  our  measurements  are  related  to  the 
properties  of  the  holes. 

Let  us  call  G(fcy)  the  polarization  rate  of  the 
photocreated  holes.  By  relaxation  towards  the 
band  edge,  part  of  the  polarization  is  lost.  The 
initial  polarization  P( 0)  can  therefore  be  written 
as  a  product,  P( 0)  =  a  •  G.  The  cw  polarization 
PEi*hi*  anc*  jP(0)  are  related  by  PE1*H1* = 
P{ 0)/(l  +  2tr/ts).  The  large  value  of  rs  (~  1 
ns)  with  respect  to  rR  (-  300  ps)  explains  why 
FE1*H1*  is  not  significantly  different  from  P(0) 
(Fig.  la). 

The  decrease  of  P( 0)  with  increasing  initial  fcy 
cannot  be  related  to  the  decrease  of  G(k (|).  Con¬ 
sidering  the  first  heavy  hole  level,  due  to  the 
mixing  of  the  valence  bands  at  0,  {{If)  (Jz 
is  the  projection  of  the  angular  momentum  along 
the  growth  axis)  varies  [4]  from  3/2  to  1.25  for  k» 
varying  from  0  to  0.025  A-1  ( k¥  at  Ars  =  101 
cm2).  Consequently  G,  which  equals  1  at  vanish¬ 
ing  wavevector,  decreases  with  increasing  fcy,  but 
this  effect  remains  small.  More  important  is  the 
term  a  which  takes  into  account  the  fact  that  a 
hole  population  created  at  &y#  0  is  always  de¬ 
tected  at  k  ||  =  0. 

The  polarization  may  be  lost  during  the  relax¬ 
ation  path  towards  the  band  edge,  through  emis¬ 
sion  of  acoustic  phonons  or  elastic  scattering  by 


Fig.  2.  Variation  with  the  in-plane  wavevector  of  tsJ,  Tsf  and 
rDP  for  a  L  =  75  A  GaAs/Ga07Al03As  symmetric  quantum 
well.  Ionized  impurities  are  located  at  zimp  =  -  L/2  with  an 
areal  density  of  5xl0lo/cm-2.  The  emission  time  of  an 
acoustic  phonon  without  spin  flip,  Ts^h  is  also  reported.  The 
arrows  indicate  <l/rDP)_1,  the  inverse  of  the  thermal  aver¬ 
age  at  4  and  10  K  of  l/rDP. 


ionized  impurities  or  interface  roughness.  At  a 
given  time,  a  hole  in  a  defined  spin  state  suffers 
scattering  which  can  relax  its  energy  and/or  its 
momentum.  The  final  state  can  be  either  in  the 
same  branch  (spin-conserving  scattering  with  a 
characteristics  time  tsc)  or  in  the  other  one 
(spin-flip  scattering  with  rsf).  Calculations  show 
[2,4]  that  for  large  values  of  /cy  the  two  times  rsc 
and  rsf  have  the  same  order  of  magnitude  and  a 
probability  of  spin-flip  exists.  As  k»  decreases  rsc 
remains  fairly  constant;  on  the  contrary  rsf  in¬ 
creases  dramatically  with  decreasing  k^  and  near 
the  band  edge  the  spin-flip  process  becomes  im¬ 
possible.  According  to  these  calculations,  the  co¬ 
efficient  a ,  which  results  from  a  succession  of 
such  events,  should  decrease  substantially  as  the 
wavevector  at  which  the  holes  are  photocreated 
increases,  and  is  very  likely  responsible  for  the 
experimental  results  depicted  in  Fig.  la.  On  the 
contrary,  whatever  the  applied  voltage  is,  when 
exciting  the  system  at  the  E2H1  transition  energy, 
holes  are  always  mainly  created  at  k  y  =  0  and  the 
polarization  PE2 H1  does  not  depend  on  the  bias. 

For  holes  at  k{l  =  0,  a  very  long  spin  relaxation 
time  is  observed  ( ~  1  ns).  This  is  in  striking 
contrast  with  the  bulk  values  (rlulk  ~  lps).  We 
have  previously  interpreted  these  trends  [4]  in 
terms  of  assisted  spin-flip  scattering  of  a  thermal 
distribution  of  holes  near  the  band  edge  (fcy  «  0). 
The  calculations  do  predict  a  large  increase  of  rsf 
with  decreasing  /Cy,  but  the  thermal  averaged 
spin-flip  time  largely  overestimates  the  measured 
value.  In  fact,  a  D’Yakonov-Perel-like  mecha¬ 
nism  [5]  has  to  be  considered  for  holes  due  to  the 
presence  of  both  an  inversion  asymmetry  term 
associated  with  the  GaAs  zinc-blend  lattice, 
HUn(k),  and  a  parity  breaking  band-bending  po¬ 
tential,  4>(z ).  For  a  small  asymmetry  the  corre¬ 
sponding  /cy-dependent  spin-flip  probability  is 
given  by  [6] 

1/tdp(^h)  =  2^2(^||)Tsc  (^||)> 

where  hO(k y)  is  the  parity  splitting  of  the  HH1 
hole  dispersions  and  r*(fcy)  is  the  spin-conserv¬ 
ing  momentum  relaxation  time.  The  resulting 
spin-flip  probability  for  the  hole  gas  is  given  by 
the  thermal  average  of  l/rDP.  For  <j>(z)  =  eFz  we 
have  <1/tdp>  ~F2,  and  the  spin-flip  time  varies 
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rapidly  with  increasing  bending,  in  contrast  with 
ts  in  Fig.  lb  which  is  almost  independent  of  Ns. 
Thus,  the  main  contribution  for  hfl  should  be 
given  by  HUn.  For  the  r*  term  both  acoustical 
phonons  emissions  and  ionized  impurities  scatter¬ 
ing  should  be  accounted  for.  We  shown  in  Fig.  2 
the  variation  with  of  r*,  rDP  and  rsf  for  the 
symmetric  L  =  75  A  quantum  well.  The  results 
have  been  obtained  for  ionized  impurities  scatter¬ 
ing.  Note  that  rDP  is  smaller  or  much  smaller 
than  Tsf.  For  an  areal  density  of  Nimp  X  1010  cm-2 
located  on  a  quantum  well  interface,  at  T  —  4  K 
we  evaluate  (1/tdp)-1  ~  260  XNimp  ps.  For  lon¬ 
gitudinal  acoustic  (LA)  phonon  emission  at  4  K  in 
the  framework  of  the  deformation  potential  for¬ 
malism  [6,7]  we  evaluate  (1/tdp)_1~8  ps  for 
the  same  quantum  well.  The  measured  ts  «  1  ns 
value  should  then  correspond  to  an  impurity  con¬ 
centration  of  about  3  X  10 10  cm"2. 

The  previous  discussion  of  the  dependence  of 
the  polarization  loss  during  the  energy  relaxation 
of  the  hole  population  is  not  essentially  modified 
by  the  introduction  of  the  D’Yakonov-Perel 
mechanism.  As  shown  in  Fig.  2  for  large  the 
emission  time  of  an  acoustic  phonon  without 
spin-flip,  t£\  is  larger  than  rDP.  A  large  proba¬ 
bility  of  polarization  loss  exists  leading  to  a  small 
value  for  the  parameter  a .  On  the  contrary,  for 
fcjl  <  0.007  A-1,  r£h  is  much  smaller  than  rDP  and 
the  polarization  should  not  be  much  affected  by 
the  relaxation  process.  A  quantitative  analysis  of 
the  influence  of  the  energy  relaxation  on  P(0) 
should  include  a  modelization  of  the  thermaliza- 


tion  of  the  hole  population  which  is  clearly  be¬ 
yond  the  scope  of  this  paper. 

In  conclusion,  according  to  our  calculations 
the  spin-flip  time  measured  at  the  band  edge 
should  be  strongly  sample  dependent  and  should 
increase  with  decreasing  sample  “quality”.  This 
may  explain  why  spin-flip  time  values  ranging 
from  5  ps  to  1  ns  have  been  recently  reported 
[4,8].  The  first  of  these  times  should  be  related  to 
a  low  efficient  momentum-scattering  mechanism 
(e.g.  LA-phonon-assisted  at  low  temperature),  the 
second  to  an  efficient  one  (e.g.  ionized-impurity- 
assisted). 
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Abstract 

The  plasmon  excitations  of  inhomogeneous  carrier  gases  in  semiconductor  quantum  wells  in  the  presence  of  point 
charge  impurities  are  investigated.  The  random  phase  approximation  for  the  carrier  gas  yields  an  integral  equation 
which  expresses  the  condition  that  plasmons  may  be  self-consistently  localized  in  the  vicinity  of  the  impurity.  The 
localized  plasmon  is  a  density  wave  trapped  at  the  impurity  site  and  exists  in  the  electron  (hole)  gas  only  for  negative 
(positive)  impurity  charge.  Bound  states  of  the  intersubband  plasmon  are  found  for  all  densities  of  the  carrier  gas  in 
a  quantum  well,  a  result  which  differs  qualitatively  from  the  bulk  case.  Numerical  results  for  the  binding  energies  are 
given  for  a  range  of  relevant  parameters. 


1.  Introduction 

Both  collective  effects  such  as  plasmons  and 
also  impurity  bound  states  have  been  of  consider¬ 
able  interest  in  recent  studies  of  semiconductor 
quantum  wells.  The  confinement  provided  by  the 
heterostructure  permits  the  investigation  of  the 
role  of  dimensionality  on  these  properties.  For 
example,  recent  experimental  work  suggests  that 
plasmons  may  be  bound  by  neutral  donors  in 
quantum  wells  [1].  The  case  of  a  plasmon  bound 
at  a  point  charge  in  a  bulk  electron  gas  was 
investigated  earlier  theoretically  [2,3].  There  it 
was  found  [3]  that  in  a  doped  semiconductor 
bound  plasmon  states  can  exist  only  for  densities 
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below  a  low  threshold,  which  is  not  in  the  regime 
of  physical  interest.  The  physical  picture  of  a 
bound  plasmon  in  the  bulk  case  is  that  the  elec¬ 
tron  density  is  reduced  in  the  vicinity  of  the 
negative  point  charge  which  lowers  the  plasmon 
energy  there.  The  density  nonuniformity  causes 
plasmon  scattering  and  may  give  rise  to  a  bound 
plasmon  state  [2].  The  latter  is  a  density  wave 
trapped  at  the  impurity.  Such  states  may  have 
interesting  effects  on  optical  and  transport  prop¬ 
erties. 

In  the  case  of  a  semiconductor  quantum  well 
(QW)  with  finite  electron  or  hole  density  there 
are  both  intrasubband  plasmons  which  are  associ¬ 
ated  with  a  single  carrier  subband,  and  also  inter¬ 
subband  plasmons  which  are  associated  with  car¬ 
rier  transitions  between  two  subbands  [4,5].  The 
dispersion  of  the  intrasubband  plasmon  begins 
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Fig.  1.  Sketch  of  the  energies  of  plasma  excitations  in  a 
semiconductor  quantum  well  vs  wavevector.  The  lower  solid 
curve  represents  an  intrasubband  plasmon,  and  the  upper 
solid  curve  represents  an  intersubband  plasmon.  £2i  is  the 
energy  separation  between  two  subbands.  The  lightly  hashed 
areas  represent  single  particle  excitations. 


from  zero  energy  and  does  not  have  an  upper 
bound.  On  the  other  hand,  for  intersubband  plas- 
mons,  as  for  the  bulk  plasmons,  there  is  a  lower 
bound  to  the  energy  dispersion  curve.  As  will  be 
seen  from  the  discussion  below  this  feature  per¬ 
mits  the  existence  of  the  bound  state  of  the 
intersubband  plasmon.  The  system  which  we  study 
here  is  an  electron  or  hole  gas  in  the  presence  of 
a  point  charge.  This  model  should  represent 
physical  systems  containing  ionized  acceptors  or 
donors.  We  note  that  such  donors  and  acceptors 
are  found  to  exhibit  states  of  one,  two  or  occa¬ 
sionally  three  electron  charges.  The  extended  in¬ 
trasubband  and  intersubband  plasma  excitations 
in  a  quantum  well  are  illustrated  schematically  in 
Fig.  1. 


2.  RPA  for  an  inhomogeneous  electron  gas  in  a 
quantum  well 


carrier  density  in  the  presence  of  an  external 
perturbation  is 

spL(*>  *>)  =^Pnm(k,  u)+8p™(k,  w),  (1) 

where  A;  is  a  2D  wavevector  and  n ,  m  are  QW 
subband  indices.  We  define  the  off-diagonal  di¬ 
electric  operator  e  in  the  momentum  space  in 
analogy  to  that  in  the  homogeneous  system  so 
that 

5pLO>  <»)  =  ECvt*-  o>)sPif(k',  *>)• 

ij,k' 

(2) 

Inverting  Eq.  (2)  and  defining  the  collective  exci¬ 
tations  by  the  condition  8pext  =  0  while  8pT  A  0, 
we  obtain  an  equation  for  the  collective  excita¬ 
tions  of  the  system: 

/  d kXem,n,ij(k,  co)8pJj(k',  «)  =  0.  (3) 

ij 

The  dielectric  operator  is  evaluated  in  the  RPA 
in  terms  of  irreducible  density  propagator  shown 
in  Fig.  2.  Defining 

x  =  n*+n*,  (4) 

g(k)=8pTl2(k)+8pT2l(k),  (5) 


The  random  phase  approximation  (RPA)  is 
commonly  used  to  derive  the  collective  elemen¬ 
tary  excitations  of  the  electron  gas  in  a  quantum 
well  [4,5].  The  extension  to  the  inhomogeneous 
case  is  straightforward.  The  change  of  the  total 


Fig.  2.  The  random  phase  approximation  for  the  density 
propagator  77 nm.  The  thick  solid  line  represents  the  one 
particle  propagator  of  the  system  of  independent  carriers  in 
the  presence  of  the  impurity.  In  the  approximation  employed 
here  the  impurity-carrier  interaction  is  separately  screened  in 
the  RPA. 
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we  obtain  an  integral  equation  for  the  intersub¬ 
band  collective  excitations 

L  “*(*>  kf)V12'l2(k')}  g(k')  =  0.  (6) 

k’ 

In  order  to  obtain  an  explicit  integral  equation 
from  Eq.  (6)  we  have  to  evaluate  the  polarization 
propagator  IInm{k ,  oo)  for  a  gas  of  indepen¬ 
dent  electrons  (or  holes)  interacting  with  an  im¬ 
purity  via  the  Coulomb  potential.  We  have  devel¬ 
oped  an  approximation  for  TInm  using  a  spectral 
representation  and  evaluated  it  with  what 
amounts  to  an  infinite  sequence  of  sum  rules,  as 
was  suggested  by  Sham  in  the  case  of  the  bulk 
system  [3].  In  this  way  we  have  derived  a  good 
approximation  for  the  kernel  of  the  integral 
equation  (6)  together  with  a  criterion  for  its  valid¬ 
ity. 

3.  Integral  equation  for  localized  intersubband 
plasmons 

In  the  long  wavelength  approximation  for  the 
terms  containing  the  unperturbed  density  n08k  0 
we  obtain  the  following  equation: 

[k2-(^E21/a)k-W}g(k) 

Za  ,  d 2kf 

+  — -  /  - 2  2^21 

2n0(r  J  (277 ) 

X  8n(k -k')g(k')  =0,  (7) 

where  the  energy  parameter  is  defined  as 

m 

4ire  n0a(a)) 

and  coq  is  the  frequency  of  the  intersubband 
plasmon  at  k  =  0  in  the  absence  of  the  impurity, 
w  ,  (k  =  0);  a,  fi  and  cr(o))  are  the  coefficients  in 
long  wavelength  approximation  (LWA)  expansion 
for  plasmon  dispersion  [4,5].  The  intersubband 
plasmon  dispersion  has  a  lower  bound  given  by 
min{copl(fc)},  and  thus  bound  states  may  exist  be¬ 
low  it.  Accordingly  for  bound  states  %  <  0. 

Here  8n(k )  is  the  Fourier  transformation  of 
the  change  in  the  electron  density  due  to  the 
presence  of  an  impurity  of  charge  Ze.  It  is  the 


ns  (1012cm‘2) 


Fig.  3.  The  plasmon  binding  energy  defined  in  Eq.  (8)  is 
shown  here  as  a  function  of  the  effective  two-dimensional 
density  ns  =  nvL .  The  quantum  well  systems  illustrated  here 
are:  (A)  well  width  L  =  100  A,  m  =  0.2  mQ,  =  10.9,  \Z*\  = 
2;  (B)  L  =  130  A,  m  =  0.2  m0,  em=  10.9,  |Z*  |  =  2;  (C)  L  =  100 
A,  m  =  0.16  m0,  eK  =  7.3,  |  Z *  |  =  2. 

same  charge  density  that  appears  in  the  Poisson 
equation  for  the  response  potential  </>res  when  an 
external  perturbation  </>ext  is  applied.  In  linear 
screening  approximation  it  can  be  evaluated  in 
terms  of  QW  form-factors. 

The  binding  energy  found  from  numerical  so¬ 
lution  of  the  integral  equation  for  the  /  =  0  angu¬ 
lar  momentum  component  is  shown  in  Fig.  3  as  a 
function  of  the  two-dimensional  density.  The 
bound  state  equation  has  solutions  only  for  Z  <  0. 
By  definition  here  the  impurity  charge  is  Ze  for 
the  electron  gas  and  -Ze  for  the  hole  gas,  Z*  = 
Z/€m. 


4.  Discussion 

In  the  corresponding  bulk  case  [2,3]  it  was 
found  that  bound  states  exist  only  for  densities 
below  a  certain  threshold.  This  threshold  density 
is  so  low  for  bulk  semiconductors  that  the  plas¬ 
mon  itself  will  not  be  observable.  The  situation  in 
a  quantum  well  is  qualitatively  different  in  that 
the  solution  of  the  bound  state  equation  exists  in 
principle  at  arbitrary  densities.  To  understand 
this  behavior  qualitatively,  let  us  neglect  the  lin¬ 
ear  term  in  k  in  the  long  wavelength  approxima- 
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tion  of  the  interaction  matrix  element.  Let  M  be 
a  plasmon  “mass”  defined  by  the  inverse  curva¬ 
ture  of  the  plasmon  dispersion  at  k  =  0.  Then  the 
integral  equation  to  leading  order  is  similar  to 
Schroedinger’s  equation  for  a  particle  of  mass  M 
in  an  attractive  2D  screened  Coulomb  potential 
with  an  effective  charge 

aZ*E21me 

IrrMncr 

and  this  potential  has  a  bound  state  at  arbitrary 
e*. 

The  results  given  here  suggest  that  bound  plas- 
mons  may  be  observable  for  energies  below  the 
intersubband  plasmon  energy  when  the  carrier 
mass  is  larger  than  0.1m  0  and  the  well  is  not  too 
narrow.  The  binding  energy  will  be  larger  for 
larger  values  of  the  impurity  charge  Ze  and  for 
smaller  dielectric  constants.  For  example  in  a 


GaAs  QW  the  binding  energy  is  small  for  the 
electron  gas  with  its  small  mass,  and  the  possibil¬ 
ity  of  observing  a  bound  plasmon  state  is  better 
for  holes  as  seen  in  Fig.  3.  The  bound  state  may 
be  observable  for  an  electron  gas  in  a  QW  based 
on  some  II-VI  materials  due  to  the  larger  elec¬ 
tron  mass  and  smaller  high  frequency  dielectric 
constant  in  them. 
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Abstract 

We  report  the  observation  of  spin-resolved  cyclotron  resonance  of  a  2DEG  in  an  InAs  quantum  well.  The  data 
show  that  the  g-factor  of  a  2DEG  has  a  smaller  energy  dependence  than  that  of  bulk  electrons.  The  reduction  of  the 
spin-splitting  in  a  2DEG  can  be  accounted  for  by  a  calculation  which  includes  the  nonparabolicity  of  the  band 
structure. 


Although  spin-resolved  cyclotron  resonance 
(CR)  has  been  intensively  searched  for  in  the 
two-dimensional  electron  gas  (2DEG)  of  high- 
mobility  in  GaAs/AlGaAs  heterostructures,  it 
has  not  been  observed  to  data  [1].  This  has  been 
attributed  to  suppressed  spin-splitting  due  to 
electron-electron  interactions.  Recently,  the  ob¬ 
servation  of  spin-resolved  CR  in  a  2DEG  in  a 
strained  InAs  quantum  well  sandwiched  by  AlSb 
barriers  has  been  reported  [2].  Owing  to  the 
smaller  band  gap  of  InAs,  the  interaction  be¬ 
tween  the  conduction  and  the  valence  bands  is 
stronger,  and  as  a  result,  the  g-factor  has  a 
stronger  dependence  on  the  electron  energy, 
which  is  one  of  the  fundamental  criteria  for  ob¬ 
serving  spin-resolved  CR. 

The  AlSb/InAs/AlSb  single  quantum  well  is 
grown  by  MBE  on  a  GaAs(OOl)  substrate  with  a 
thick  AlSb  buffer  layer,  where  the  InAs  layer  is 
under  biaxial  tension.  It  consists  of  a  1  jam  GaSb 
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and  1  /xm^AlSb  buffer  layer,  10  periods  of  25  A 
GaSb /25  A  AlSb  smoothing  superlattice,  a  200  A 
AlSb  lower  barrier,  a  149  A  InAs  quantum  well,  a 
500  A  top  AlSb  barrier,  and  a  final  capping  layer 
of  30  A  GaSb.  The  carrier  concentration  is  n2D  = 
6.5  X  1011  cm-2  (see  Fig.  1).  The  TO  phonon 
energy  of  an  InAs  quantum  well  has  been  found 
to  be  shifted  with  respect  to  the  bulk  InAs  TO 
phonon  energy.  Using  elasticity  theory,  this  shift 
has  been  used  to  deduce  the  tensile  strain  in  the 
InAs  quantum  well.  Moreover,  the  thickness  of 
the  InAs  well  is  obtained  by  fitting  the  far  in¬ 
frared  TO  phonon  absorption  line  intensity  [3]. 
The  magneto-optical  experiments  are  performed 
at  4.2  K  with  a  magnetic  field  of  up  to  13  T.  At 
low  B ,  the  CR  line  shape  is  symmetric  and  the 
measured  effective  mass  exhibits  a  constant  value, 
as  shown  in  Fig.  1.  For  B>5T,  the  spectra  show 
two  discernible  CR  peaks  originating  from  spin- 
conserving  transitions  between  adjacent  sets  of 
spin-resolved  Landau  states.  The  separation  be¬ 
tween  two  CR  peaks  is  larger  at  odd  integer 
filling  factor  v  than  at  even  v ,  and  the  measured 
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cyclotron  masses  show  variations  correlated  with 
the  filling  factor. 

The  experimental  results  are  analyzed  with  the 
envelope-function  approximation  under  a  four- 
band  k  •  p  model.  We  find  that  a  calculation  that 
only  includes  the  nonparabolicity  effect  can  quali¬ 
tatively  account  for  the  data.  However,  in  order 
to  quantitatively  explain  the  variation  of  the  ef¬ 
fective  mass  over  a  wide  range  of  magnetic  fields, 
we  need  to  take  into  account  the  nonparabolicity, 
strain  effects,  and  the  effect  of  penetration  of 
electron  wave  functions  into  the  AlSb  barriers  [4]. 
Since  our  sample  parameters  have  been  experi¬ 
mentally  determined,  the  only  adjustable  parame¬ 
ter  in  the  calculation  is  an  energy-dependent 
pre-factor  /3  of  the  effective  g-factor,  i.e.,  g2*D(£) 


Fig.  1.  (a)  Dots:  the  measured  resonance  positions;  solid 
(dashed)  line:  the  calculated  transition  positions  described  in 
Ref.  [4]  for  the  lowest  spin-up  (-down)  Landau  level.  The 
arrows  mark  the  corresponding  filling  factor.  Several  lattice 
absorptions  are  also  indicated,  (b)  Dots:  the  corresponding 
effective  masses;  solid  (dashed)  lines:  the  calculated  effective 
masses  described  in  Ref.  [4]  for  spin-up  (-down)  transitions. 


Fig.  2.  The  calculated  g-factor  for  the  first  six  Landau  levels 
(N  =  0,  1,...,5)  as  a  function  of  magnetic  field  for  (a)  bulk 
electrons,  and  (b)  2D  electrons. 


=  g2*D  +  fiE ,  where  E  is  the  electron  energy  above 
the  bulk  conduction  minimum.  The  value  of  (3  is 
determined  to  be  60  eV-1  from  the  best  fit  to  the 
experimental  data.  The  obtained  /3  is  far  smaller 
than  the  bulk  band-edge  value  [5],  and  the  reduc¬ 
tion  of  p  in  a  2DEG  will  be  shown  in  the  follow¬ 
ing  to  be  due  to  the  fact  that  the  electron  energy 
is  ~  110  meV  above  the  bulk  conduction  band 
edge. 

To  calculate  the  energy-dependent  g-factor, 
we  follow  the  procedure  outlined  by  Pidgeon  and 
Brown  [6],  in  which  the  nonparabolicity  effect  is 
automatically  included.  Fig.  2a  shows  the  calcu¬ 
lated  g-factor  for  bulk  InAs  (g3*D)  as  a  function 
of  magnetic  field  for  different  Landau  levels  [7]. 
Here  we  use  the  following  parameters:  P 2  =  10.85 
eV;  Eg  =  0.42  eV;  A  =  0.38  eV;  ri  =  2.4513;  y2  = 
-0.2394;  y3  -  0.6806;  k  =  -0.9294. 

To  calculate  the  g-factor  for  a  2DEG  in  a 
square  well,  we  keep  y’s  and  k  unchanged.  This 
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is  because  the  InAs  valence  bands  are  not  af¬ 
fected,  to  first  order,  by  the  presence  of  AlSb  due 
to  the  staggered  band  alignment  between  AlSb 
and  InAs.  Although  the  strain  effect  can  be  con¬ 
sidered  by  modifying  the  band  parameters  such 
as  band  gap  and  spin-orbit  splitting,  there  is  no 
simple  way  to  include  the  penetration  effect  in 
Pidgeon  and  Brown’s  formalism.  According  to 
our  previous  study  [4],  the  strain  and  penetration 
effects  on  the  electronic  band  structure  are  oppo¬ 
site  and  of  the  same  order  of  magnitude.  For 
example,  the  electron  effective  mass  is  reduced 
with  the  inclusion  of  the  strain  effects,  and  in¬ 
creased  due  to  the  penetration  effect.  Although 
these  two  effects  on  the  band  structure  do  not 
cancel  each  other,  a  calculation  which  only  in¬ 
cludes  the  nonparabolicity  effect  can  provide  good 
insight  into  the  g-factor  when  the  electron  energy 
is  increased.  To  apply  Pidgeon  and  Brown’s  for¬ 
malism  to  the  electron  subband,  we  can  simply 
add  the  subband  energy  ( EQ  =  0.054  eV  for  a  well 
width  of  149  A)  to  the  bulk  band  gap  to  define 
the  effective  band  gap,  and  keep  the  remaining 
parameters  unchanged.  The  results  are  plotted 
against  magnetic  field  in  Fig.  2b,  as  well  as  against 
the  electron  energy  in  Fig.  3.  In  both  3D  and  2D 
cases,  the  effective  g-value,  roughly  speaking,  is 
not  strongly  dependent  on  the  Landau  level.  It  is 
clear  that  not  only  does  the  |g*  |  decrease,  /3,  the 
slope  of  the  g-factor  versus  energy,  is  also  smaller 
for  a  higher  electron  energy.  It  is  easy  to  show 
that  for  N=  0,  the  effective  g-factor  can  be  sim¬ 
plified  to  be: 

g3*D(£)=  -14.4  +  85.5E, 

8*d(E)  =  1 1 .6  +  65  A(E  —  E0). 

The  calculation  predicts  a  p  of  65.4  for  a  2DEG, 
and  that  is  in  excellent  agreement  with  /3  =  60 
extracted  from  our  data. 

In  conclusion,  we  have  reported  the  observa¬ 
tion  of  the  spin-resolved  cyclotron  resonance  of  a 
2DEG  in  an  InAs  quantum  well.  The  splitting 
between  the  spin-up  and  spin-down  transitions  is 
found  to  be  reduced  substantially  compared  to 
the  3D  electrons.  A  calculation  that  only  includes 
the  nonparabolicity  effect  provides  good  insight 
into  the  energy-dependent  g-factor.  It  is  found 


Fig.  3.  The  calculated  g-factor  as  a  function  of  electron 
energy  for  the  first  four  Landau  levels  in  3D  and  2D  electron 
systems.  Here  energy  is  measured  from  the  bulk  conduction 
band  edge. 


that  the  reduction  of  spin-splitting  in  a  2DEG 
can  be  fully  accounted  for  by  the  band  structure 
effect. 
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Abstract 

A  far-infrared  magneto-optical  study  of  cyclotron  effective  mass  of  quasi-two-dimensional  holes  in  strained 
Sij^Ge^/Si  quantum  wells  has  been  carried  out  on  a  series  of  samples  with  different  Ge  compositions  at  low 
temperatures  and  high  magnetic  fields  up  to  23  T.  The  in-plane  effective  mass  determined  from  cyclotron  resonance 
energies  decreases  systematically  from  0.40mo  to  0.29mo  as  the  Ge  composition  increases  from  x  =  0.13  to  x  =  0.37. 
The  reduced  in-plane  mass  and  its  variation  with  Ge  composition  are  in  good  qualitative  agreement  with  the  strain 
effects  on  the  valence  band  structure. 


1.  Introduction 

In  recent  years,  Si1_xGtx/Si  strained  layer 
superlattices  and  heterostructures  have  attracted 
increasing  attention  due  to  their  potential  device 
applications  and  integration  with  the  well-devel¬ 
oped  Si  technology.  When  a  Si^Ge^  layer  is 
pseudomorphically  grown  on  a  Si  substrate,  most 
of  the  band  offset  is  in  the  valence  band,  and  this 
has  stimulated  a  great  deal  of  interest  to  study 
the  electronic  properties  of  the  valence  band 
structure.  The  lattice  mismatch  between  Si  and 
Ge  leads  to  an  inherent  compressive  in-plane 
strain  in  the  Si1-xGe^  alloy  layer,  which  lifts  the 
degeneracy  of  the  heavy-hole  (§,  f )  and  light-hole 
(§,  ~)  bands  at  the  center  of  the  Brillouin  zone 
[1-4].  As  a  result,  the  band  mixing  is  substantially 
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reduced  near  k  =  0,  and  a  quasi-two-dimensional 
hole  gas  (2DHG)  occupying  the  ground  (heavy- 
hole)  subband  of  a  strained  Si^Ge^/Si  quan¬ 
tum-confined  structure  is  expected  to  have  a 
lighter  effective  mass  in  the  plane  perpendicular 
to  the  growth  direction  [5-7].  The  lighter  in-plane 
hole  mass  has  been  observed  for  other  strained 
layer  systems,  such  as  InGaAs/GaAs  and  In- 
GaAs/AlGaAs  quantum  wells,  in  both  Shub- 
nikov-de  Haas  (SdH)  oscillations  and  far-in¬ 
frared  (FIR)  cyclotron  resonance  (CR)  measure¬ 
ments  [8-11].  For  the  strained  Si1_xGcx/Si  sys¬ 
tem,  magnetotransport  measurements  [12,13], 
studying  the  temperature  dependence  of  the  am¬ 
plitude  of  SdH  oscillations,  have  shown  a  strong 
disagreement  among  different  structures,  and  the 
results  thus  are  not  conclusive. 

In  this  paper  we  report  a  systematic  FIR  mag¬ 
neto-optical  study  carried  out  on  a  series  of  p-type 
modulation-doped  Si  j  _xGcx/Si  multiple-quan- 
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tum-well  (MQW)  samples  with  widely  varying  Ge 
compositions  (x  =  0.13-0.37).  The  cyclotron  reso¬ 
nance  of  2DHGs  has  been  observed  at  high  mag¬ 
netic  fields  (up  to  23  T),  and  resonance  energies 
are  used  to  determine  the  in-plane  effective  mass. 
A  lighter  in-plane  hole  mass  in  the  strained 
Si1_xG&x  layer  is  evidenced  [14],  and  a  systematic 
decrease  in  CR  mass  with  increasing  Ge  composi¬ 
tion  has  been  clearly  observed.  These  are  qualita¬ 
tively  consistent  with  the  expectation  for  the  strain 
effects  on  the  valence  band  structure,  namely,  a 
larger  strain  at  higher  Ge  compositions  will  lead 
to  a  larger  band  splitting  and  smaller  band  mix¬ 
ing,  and  hence  a  lighter  in-plane,  band-edge  ef¬ 
fective  mass. 


2.  Experimental 

The  three  Si1_xGex/Si  MQW  structures  used 
in  this  experiment  were  grown  on  n-Si(100)  30- 
100  Cl  cm  substrates  by  atmospheric  pressure 
chemical  vapor  deposition  (APCVD)  [15].  Boron 
acceptors  were  modulation-doped  in  the  Si  barri¬ 
ers  with  the  doping  levels  arranged  in  such  a  way 
that  each  Si^Ge^  well  would  have  the  same 
sheet  density.  All  samples  have  nominally  the 
same  barrier  width  of  300  A  and  the  same  well 
width  of  80  A,  which  were  confirmed  by  X-ray 
diffraction  measurements.  The  X-ray  diffraction 
spectra,  together  with  dynamical  diffraction  simu¬ 
lations,  showed  that  the  Si^^Ge^.  layers  are  fully 
strained  for  all  samples.  The  important  sample 
parameters  are  listed  in  Table  1,  where  the  hole 
concentrations  (per  well)  and  the  low-tempera¬ 
ture  mobilities  are  determined  by  dc  magneto¬ 
transport  measurements. 

Table  1 

Sample  properties.  Ge  composition  (*)  and  well  widths  were 
determined  by  X-ray  diffraction  measurements;  carrier  con¬ 
centrations  (per  well)  and  mobilities  were  determined  by  dc 
transport  measurements  at  temperatures  around  10  K 


Sample 

X 

Well  width 

(A) 

No.  of 

wells 

Density  Mobility 

(1012/cm2)  (cm2/V-s) 

1 

0.13 

80 

4 

0.8 

2500 

2 

0.25 

80 

4 

1.6 

1700 

3 

0.37 

80 

1 

2.3 

1500 

Energy  (cm'1) 


Fig.  1.  Normalized  transmission  spectra  for  sample  1  (x  =  0.13) 
at  several  magnetic  fields.  Data  were  taken  at  4.2  K.  Error 
bars  on  the  spectra  indicate  the  typical  noise  level. 

FIR  magneto-transmission  spectra  were  ob¬ 
tained  with  a  repetitively  scanned  Fourier  trans¬ 
form  spectrometer  in  conjunction  with  a  23  T 
Bitter  magnet  at  the  Francis  Bitter  National  Mag¬ 
net  Laboratory.  A  4.2  K  Si-composite  bolometer 
detector  was  sealed  in  the  same  vacuum  jacket  as 
the  sample,  and  a  small  amount  of  He  exchange 
gas  was  used  to  accelerate  the  cooling  process 
(however,  too  much  exchange  gas  will  diminish 
the  detector  response).  Light  pipes,  reflecting 
mirrors  and  condensing-cone  optics  were  used  to 
guide  the  FIR  light  to  the  sample  and  detector. 
Sample  substrates  were  wedged  to  avoid  multi¬ 
ple-reflection  interference,  and  all  data  were 
taken  at  liquid  He  temperatures. 


3.  Results  and  discussion 

In  Fig.  1  we  show  the  magnetic  field  depen¬ 
dence  of  the  FIR  transmission  spectra  for  sample 
1  (x  =  0.13).  All  spectra  in  this  figure  were  ob¬ 
tained  at  4.2  K  in  the  Faraday  geometry  (mag- 
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netic  field  is  parallel  to  the  direction  of  FIR  light 
propagation  and  normal  to  the  sample  surface) 
and  normalized  by  ratioing  to  a  background  spec¬ 
trum  taken  at  zero  magnetic  field.  The  linewidth 
of  the  CR  spectra  is  generally  broad  with  the 
half-width  at  half-maximum  (HWHM)  about  20 
cm-1.  The  line  shape  appears  very  asymmetric, 
i.e.  the  transmittance  is  divergent  as  energy  ap¬ 
proaches  zero;  this  is  due  to  the  free-carrier 
absorption  at  B  =  0  in  the  background  spectrum. 
With  increasing  magnetic  field,  the  CR  peak  po¬ 
sition  (transmission  minimum)  moves  continu¬ 
ously  to  higher  energies.  To  verify  the  2D  prop¬ 
erty  of  the  carriers,  the  normal  to  the  sample 
surface  was  tilted  about  30°  away  from  the  direc¬ 
tion  of  magnetic  field.  The  CR  position  was  found 
to  shift  down  to  a  lower  energy  (not  shown  in  the 
figure)  in  comparison  with  the  no-tilt  case  at  the 
same  magnetic  field,  which  indicates  that  the 
holes  are  confined  in  the  Si087Ge013  quantum 
wells.  From  the  slope  of  a  plot  of  CR  energy 
versus  magnetic  field  (see  Fig.  3  below),  the  cy¬ 
clotron  mass  for  this  sample  has  been  determined 
to  be  (0.40  ±  0.02)ra0. 

Fig.  2  shows  typical  transmission  spectra  for  all 
three  samples  at  the  same  magnetic  field,  23  T. 
Data  were  taken  at  4.2  K  for  samples  1  and  2  and 
at  3.0  K  for  sample  3.  The  spectra  in  the  figure 
are  normalized  to  a  zero-field  background,  as 
discussed  above.  When  the  Ge  composition  in¬ 
creases,  the  resonance  position  clearly  moves  to 
higher  energies,  which  implies  a  lighter  effective 
mass  for  a  larger  Ge  composition.  Notice  that  the 
lineshape  is  more  symmetric  for  sample  3  since 
its  CR  line  appears  at  higher  energy;  hence  it  is 
less  affected  by  the  free-carrier  absorption  in  the 
background  spectrum. 

The  CR  transition  energy  as  a  function  of 
magnetic  field  normal  to  the  sample  surface 
( B  cos  6 ,  where  6  is  the  angle  between  the  field 
direction  and  the  normal  to  the  sample  surface)  is 
plotted  in  Fig.  3  for  all  three  samples.  The  solid 
symbols  are  for  0  =  0°  and  the  open  symbols  for 
6  =  30°.  The  error  bars  (omitted  in  the  figure  for 
a  clear  view)  are  typically  ±5  cm-1,  and  are 
nearly  the  same  for  all  data  points.  Within  experi¬ 
mental  error,  all  data  points  for  each  sample  can 
be  fitted  reasonably  well  by  a  straight  line  passing 


Fig.  2.  Normalized  transmission  spectra  for  three  samples  at 
23  T.  Data  were  obtained  at  4.2  K  for  samples  1  and  2,  and 
3.0  K  for  sample  3.  Error  bars  on  the  spectra  indicate  the 
typical  noise  level. 

through  the  origin,  as  shown  in  the  figure.  It  is 
clear  that  the  holes  are  confined  in  the  strained 
Sij^Ge^  quantum  wells  for  all  samples,  and  a 


Fig.  3.  A  compilation  of  the  CR  transition  energy  as  a  func¬ 
tion  of  magnetic  field  normal  to  the  sample  surface  ( B  cos  0 ) 
for  three  samples.  6  is  the  tilt  angle  between  the  direction  of 
magnetic  field  and  the  normal  to  the  sample  surface.  Solid 
symbols,  0  =  0°;  open  symbols,  0  =  30°. 
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smaller  Ge  composition  corresponds  to  a  smaller 
slope  of  the  straight  line  (thus  a  larger  CR  mass). 
The  values  of  cyclotron  effective  mass  for  the 
three  samples  are  listed  below: 

sample  1  (x  =  0.13)  -  (0.40  ±  0.02)rao; 

sample  2  (x  =  0.25)  —  (0.34  ±  0.02) ra0; 

sample  3  (x  =  0.37)  -  (9.29  ±  0.02)m0. 

The  measured  CR  mass  for  sample  1  is  in  reason¬ 
able  agreement  with  a  previous  transport  mea¬ 
surement  result  [13],  in  which  the  hole  mass  in  a 
Sio.85^eo.i5  strained  layer  quantum  well  was  de¬ 
termined  to  be  (0.44  ±  0.03)mo.  Since  the  2D 
hole  concentrations  (per  well)  for  all  samples 
used  in  this  study  are  comparable  [16],  we  can 
infer  that  the  in-plane  effective  mass  of  holes  in 
Si^Ge^  strained  layers  decreases  with  increas¬ 
ing  Ge  composition,  which  is  qualitatively  consis¬ 
tent  with  the  expectation  of  the  strain  effects  on 
the  valence  band  structure. 

If  a  linear-average  method  is  used  to  estimate 
the  effective  mass  for  unstrained  Si^Ge*  alloy 
from  bulk  Si  and  Ge,  the  heavy  hole  mass  at  the 
band  edge  will  be  approximately  0.5m 0  for  x  = 
0.13  and  0.45m0  for  x  =  0.37.  Our  measured  ef¬ 
fective  masses  are  much  smaller  than  these  values 
and  are  consistent  with  the  strain-induced,  lighter 
in-plane  mass.  On  the  other  hand,  the  measured 
values  are  systematically  higher  than  the  calcu¬ 
lated  values  for  the  in-plane,  band-edge  mass  for 
Si1_xGcx/Si  strained  layers,  which  are  typically 
about  0.2m 0  for  the  Ge  composition  range  in  our 
experiment  [6,7].  It  is  most  likely  that  the  discrep¬ 
ancies  between  theory  and  experiment  are  due  to 
the  nonparabolicity  effect  in  the  valence  bands. 
For  the  present  samples,  the  carrier  concentra¬ 
tions  are  high,  and  an  estimate  shows  that  the 
Fermi  energies  are  substantially  higher  (10-20 
meV)  than  the  band-edge  (k  —  0)  (but  still  lower 
than  the  second  subband),  and  the  band  mixing 
can  be  very  strong;  hence  a  large  nonparabolicity 
and  heavier  effective  mass  are  expected.  Other 
factors,  such  as  quantum  confinement  (shifting  up 
the  ground  subband  from  bulk  band-edge),  wave- 
function  extension  (sampling  the  heavier  mass  in 
the  Si  barriers),  and  warping  of  the  energy  sur¬ 
faces  for  valence  bands,  may  also  enhance  the 


CR  mass;  the  last  one  is  especially  important  for 
high  carrier  concentrations  [7]. 


4.  Summary 

We  have  observed  cyclotron  resonance  of 
quasi-2D  holes  confined  in  strained  Si1_xGtx/Si 
multiple  quantum  well  structures  at  high  mag¬ 
netic  fields.  The  measured  CR  mass  is  much 
smaller  than  the  estimated  heavy-hole  mass  for 
the  unstrained  Si^^Ge*  alloy,  and  it  systemati¬ 
cally  decreases  with  increasing  Ge  composition. 
These  observations  are  qualitatively  consistent 
with  a  picture  of  strain-induced  valence  band 
splitting  and  reduction  of  band  mixing.  The  dis¬ 
crepancy  in  the  values  of  effective  mass  between 
theory  and  experiment  may  be  due  to  the  non¬ 
parabolicity  effect  at  high  hole  concentrations. 
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Abstract 

We  present  the  first  studies  of  far  infrared  cyclotron  emission  from  magnetically  quantised  2DEGs  made  using  a 
broad  band  detector.  Spectral  resolution  was  obtained  using  the  substrate  as  a  Fabry-Perot  etalon  together  with  a 
low  pass  filter.  Information  was  obtained  on  the  intensity  in  fields  up  to  3  T  and  currents  up  to  600  ijlA.  The 
experiments  demonstrate  that  the  system  is  well  adapted  for  investigating  the  electron  temperatures  as  a  function  of 
magnetic  field.  They  also  show  that  20-30%  of  the  emission  occurs  at  frequencies  significantly  less  than  cac. 


1.  Introduction 

Two-dimensional  electron  gases  (2DEGs)  have 
been  extensively  studied  by  far  infrared  (FIR) 
transmission  and  reflection  spectroscopy.  Much 
less  attention  has  been  given  to  their  emission 
spectrum  particularly  in  magnetic  fields  where 
work  has  been  restricted  to  three  groups  who 
used  narrow  band  GaAs  photodetectors.  Their 
work  confirmed  that,  in  GaAs,  the  emission  oc- 
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curs  predominantly  at  the  cyclotron  frequency 
[1-3]. 

The  present  work  describes  a  system  devel¬ 
oped  for  use  as  an  electron  thermometer.  In 
magnetically  quantised  systems,  the  phonon  re¬ 
laxation  rate  by  cyclotron  phonon  emission  is 
predicted  to  decrease  rapidly  when  qca>V7  qc  = 
(oc/v s,  where  coc  is  the  cyclotron  frequency,  us  is 
the  sound  velocity  and  a  is  the  “thickness”  of  the 
2DEG  [4].  Other  processes  are  then  likely  to 
become  important  such  as  two-phonon  emission 
[4]  and  edge-state  relaxation  [5].  To  investigate 
the  dependence  of  the  relaxation  rate  on  the 
cyclotron  frequency  we  have  developed  a  tech¬ 
nique  using  a  broad  band  detector  which  can  be 
used  to  measure  the  intensity  of  the  FIR  emission 
and  so  the  electron  temperature  over  a  range  of 
magnetic  fields.  The  paper  also  describes  mea¬ 
surements  of  the  total  FIR  intensity  from  2DEGs 
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in  GaAs  heterostructures  as  a  function  of  current 
up  to  600  jji  A  and  magnetic  field  up  to  3  T.  The 
data  are  analysed  to  obtain  values  of  the  cy¬ 
clotron  mobility  fiCR  for  the  various  samples. 


2.  Experimental  arrangement 

The  sample  is  mounted  on  a  copper  post  whose 
further  end  is  in  contact  with  liquid  helium  at  4 
K.  The  sample  and  detector  are  located  1-2  mm 
from  the  two  ends  of  an  evacuated  18-cm  copper 
light  pipe  of  inner  diameter  5  mm  allowing  the 
detector  to  be  in  an  essentially  field-free  region 
while  magnetic  fields  from  a  0-7  T  superconduct¬ 
ing  solenoid  are  applied  normal  to  the  sample. 

Part  of  the  FIR  emission  from  the  2DEG 
travels  towards  the  back  surface  of  the  substrate 
furthest  from  the  2DEG  where  it  is  reflected  up 
towards  the  detector.  The  interference  that  oc¬ 
curs  between  the  emission  following  these  two 
light  paths  is  well  known  but  these  may  be  the 
first  experiments  in  which  it  has  been  used  to 
obtain  spectral  information  on  the  emission.  The 
reflection  was  increased  by  polishing  the  back 
surface  to  be  flat  and  parallel  to  the  front  and  by 
polishing  the  copper  mounting  post  to  which  it  is 
glued.  In  the  light  path  above  the  sample  could 
be  placed  a  low  pass  filter  which  has  a  sharp 
cut-off  in  transmission  at  ~  15  cm"1  falling  as 
Tr  ~  [1  +  expO  -  15)/0.5]_1  ( v  in  cm”1).  The 
hot-electron  detector  was  a  thin  InSb  crystal  of 
cross-section  5x5  mm2  mounted  on  a  5°  quartz 
wedge.  The  integral  optical  activity  had  a  con¬ 
stant  value  of  5.0  kV  W”1.  Its  spectroscopic  re¬ 
sponse  is  constant  for  v  <  15  cm”1,  but  for  v  >  15 
cm”1  this  fell  as  exp[(z^  -  15)/15.4]  with  v  in 
cm”1.  The  filter,  detector  and  amplifier  system 
were  supplied  by  QMC  Instruments,  Queen  Mary 
and  Westfield  College,  London  University. 

Most  of  the  experiments  were  carried  out  on 
three  single  GaAs/(AlGa)As  heterojunctions 
with  the  following  sheet  densities  n  (in  10 15  m”2) 
and  transport  mobilities  fx0  (in  m2  V”1  s”1) 
NU276:  n  =  2.3,  /x0  =  22;  NU444:  n  =  3.4,  = 

144;  NU711:  n  =  2.9,  /x0  =  80.  The  first  two  sam¬ 
ples  are  standard  8-contact  Hall  bars  with  chan¬ 
nel  dimensions  of  2.5  X  0.2  mm2  and  the  third 


B  (T) 

Fig.  1.  The  FIR  power  emitted  from  NU711  for  various 
currents  as  a  function  of  magnetic  field. 

has  the  shape  of  a  cross  in  which  each  leg  has 
dimensions  4.0  X  0.2  mm2  and  a  contact  at  its 
extremity.  The  contact  resistances  were  all  less 
than  50  f!  so  should  contribute  negligibly  to  the 
FIR  emission.  The  2DEGs  were  heated  by  cur¬ 
rent  pulses  of  duration  10-120  /xs  and  the  repeti¬ 
tion  rate  was  always  kept  below  1  kHz  so  that  the 
rise  in  substrate  temperature  at  the  maximum 
power  level  was  estimated  to  be  less  than  1  K.  A 
resistor  was  connected  in  series  with  the  sample 
to  maintain  approximately  constant  pulse  current 
during  the  field  sweeps  though  it  also  had  the 
effect  of  restricting  its  maximum  value  to  600  /x  A. 


3.  Results 

Examples  of  measurements  of  the  detected 
FIR  power  for  different  source-drain  currents  are 
shown  as  a  function  of  magnetic  field  in  Fig.  1  for 
NU711;  similar  results  were  obtained  for  NU276 
and  NU444.  Measurements  on  NU711  were  also 
made  with  the  field  applied  at  40°  to  the  2DEG 
normal  and  the  2  sets  of  data  are  plotted  against 
B  cos  6  in  Fig.  2.  Their  similarity  indicates  that 
the  FIR  emission  is  due  to  the  2DEG. 
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B  cosG  (T) 

Fig.  2.  The  FIR  power  emitted  from  NU711  for  a  current  of 
450  fiA  as  a  function  of  the  normal  component  of  magnetic 
field  B  cos  6  for  two  directions  of  magnetic  field  (9  =  0°  (a) 
and  40°  (b)). 

Oscillations  observed  in  Fig.  2  have  periods 
which,  for  the  3  samples,  are  in  very  good  agree¬ 
ment  with  the  period  calculated  assuming  a  nar¬ 


row  emission  line  at  coc.  Because  of  the  phase 
change  of  tt  on  reflection  at  the  back  surface,  the 
interference  condition  2d  =  mX  results  in  minima 
in  the  detected  signal  ( d  is  the  substrate  thick¬ 
ness,  A  =  c /vce  is  the  wavelength  of  the  cyclotron 
radiation  in  the  substrate  of  relative  permittivity 
e,  c  is  the  velocity  of  light  and  m  is  an  integer).  A 
further  check  was  made  by  reducing  the  substrate 
thickness  of  all  of  the  samples  by  ~  25%.  The 
periods  changed  by  the  expected  amounts.  The 
amplitudes  of  the  oscillations  are  determined  by 
the  emission  linewidths  which  were  deduced  from 
the  analysis  given  in  Section  4. 

The  effect  of  inserting  a  low  pass  filter  in  the 
light  path  is  demonstrated  for  sample  NU711  in 
Fig.  3a  which  shows  data  with  and  without  the 
filter.  There  appears  to  be  no  significant  change 
for  magnetic  fields  less  than  1  T  but  the  FIR 
signal  drops  rapidly  over  a  narrow  field  region 
centred  at  about  1.07  T  when  the  cyclotron  fre¬ 
quency  exceeds  the  cut-off  frequency  of  the  filter. 
Very  similar  results  are  found  for  samples  NU276 
and  NU444  although  the  fall  is  noticeably  broader 
for  NU276  (Fig.  3b)  in  line  with  its  greater  cy¬ 
clotron  width  evident  in  the  oscillations.  The  in¬ 
tensity  does  not  drop  to  zero  when  vc  >  15  cm-1 


Fig.  3.  The  FIR  power  detected  with  and  without  a  low  pass  filter  for  a  current  of  500  fiA  (a)  NU711  and  460  /x A  (b)  NU276. 
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but  falls  to  a  value  between  0.2  and  0.3  of  the 
intensity  just  below  the  cut-off.  This  implies  that 
part  of  the  emission  occurs  at  v  <  vc  and  since 
there  is  no  similar  fall  at  fields  just  below  the 
cut-off  when  the  filter  is  inserted  at  least  for 
NU711  (this  also  appears  to  be  the  case  for 
NU276  and  NU444  though  the  data  are  less 
clear)  this  is  not  due  to  a  broad  tail  on  either  side 
of  vc .  We  discuss  this  further  in  the  next  section. 


4.  Discussion 


The  detector  signal  can  be  written 


Pq  —  f°°E((o)I((o)D(a))  d<w, 

•'o 

where  E(co\  1(a))  d co  and  D((o)  are  respectively 
the  emissivity  of  the  2DEG,  the  radiation  emitted 
by  a  blackbody  at  temperature  Te  of  area  equal  to 
the  2DEG  and  the  detector  sensitivity.  From 
electromagnetic  theory,  E(co)  of  a  2DEG  of  con¬ 
ductivity  cr(ci))  at  the  surface  of  a  transparent 
medium  of  relative  permittivity  e  is  given  by 

4  Re  o-((o) /e0c 

£(w)  =  “  2  7 
1  —  iye  cos  8  +  cr(<u) /e0c 


where  8  =  2ird/\,  and  from  classical  Drude  the¬ 
ory 


a(co) 


(ne2r/m*)(  1  +  uot) 
(1  +  icor)2  +  co2r2 


where  n  is  the  sheet  density  and  r  is  the  electron 
relaxation  time. 

Curves  calculated  from  these  expressions  at 
constant  Te,  the  standard  expression  for  I((o)  dco 
and  the  calibrated  value  of  D(co )  have  similar 
structures  to  those  found  experimentally  at  con¬ 
stant  current  and  have  been  used  to  determine 
values  of  r  for  the  three  samples.  The  corre¬ 
sponding  values  of  /xCR  in  units  of  m2  V-1  s-1 
are  NU276:  7,  NU444:  10  and  NU711:  15  which 
are  all  very  much  smaller  than  the  values  of  (jl0 
given  earlier  as  expected  from  previous  work  on 
cyclotron  resonance  [6]. 

We  next  discuss  the  observation  of  FIR  emis¬ 
sion  at  frequencies  less  than  o)c.  In  all  three 


samples  this  forms  20-30%  of  the  total  intensity 
at  1  T  but  decreases  with  field  which  might  either 
imply  that  its  intensity  falls  with  magnetic  field  or 
that  its  frequency  increases  with  field  leading  to  a 
decrease  in  detector  signal  as  the  spectrum  is 
moved  through  the  filter  cut-off. 

At  present  neither  the  source  nor  the  spec¬ 
trum  of  this  emission  is  known.  We  speculate, 
however,  that  it  might  possibly  be  a  low  frequency 
tail  to  the  cyclotron  line  caused  by  part  of  the 
cyclotron  energy  being  emitted  as  a  phonon.  The 
equivalent  process  in  absorption  was  first  dis¬ 
cussed  by  Bass  and  Levinson  [7]  for  a  3D  system 
and  has  been  seen  experimentally  for  optical 
phonons  [8].  Another  possibility  is  that  it  might 
be  associated  with  low-frequency  magnetoplas- 
mon  modes  of  wavelength  comparable  to  the 
width  of  the  2DEG  (we  are  grateful  to  the  ref¬ 
eree  for  this  suggestion).  Emission  arising  through 
coupling  to  (oc  would  become  weaker  as  a)c  is 
increased  in  line  with  the  decrease  observed. 

The  theoretical  relationship  between  FIR  in¬ 
tensity  and  Te  at  1.2  T  is  shown  in  Fig.  4.  A  rough 


Fig.  4.  The  FIR  intensity  emitted  for  B  — 1.2  T  as  a  function 
of  Te.  The  lines  show  theoretical  values  for  a  sample  with 
«s  =  3xl015  m~2  and  for  different  mobilities,  and  the  points 
show  experimental  data  for  the  corresponding  input  powers 
plotted  using  Tt  values  determined  from  Shubnikov-de  Haas 
measurements  [9]. 
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comparison  with  the  experimental  FIR  intensities 
can  be  made  if,  for  a  given  input  power  density, 
we  assume  Te  values  obtained  from  Shubnikov-de 
Haas  measurements  on  low-mobility  samples  [9]; 
the  agreement  appears  satisfactory  up  to  about 
15  K.  The  significance  of  this  must  be  treated 
with  caution  at  this  stage  since  the  Te  values  were 
determined  at  the  centre  of  the  sample  while  the 
dissipation  is  believed  to  be  greatest,  at  least  for 
lower  power  inputs  [10],  at  the  diagonally  oppo¬ 
site  corners  where  the  current  enters  and  exits 
the  2DEG.  It  seems  possible,  however,  that  at 
these  long  wavelengths,  the  emissivity  of  the 
2DEG  in  these  corners  is  strongly  reduced  by  the 
presence  of  the  adjoining  metal  contacts. 

In  conclusion  we  note  that  the  experiments 
suggest  that  the  FIR  emission  technique  has  suf¬ 
ficient  sensitivity  to  measure  temperatures  down 
to  5  K  with  the  sample  at  4  K,  and  should  be 
capable  of  extension  down  to  2.5-3  K  if  the 
sample  temperature  were  lowered  to  1.5  K.  An¬ 
other  advantage  is  that,  for  a  given  temperature, 
the  intensity  within  a  cyclotron  line  should  be 
only  rather  weakly  dependent  on  cyclotron  mobil¬ 
ity:  the  area  under  the  line  is  almost  independent 
of  ijlcr  as  can  be  seen  from  the  curves  in  Fig.  4, 
because  the  increase  in  peak  height  is  approxi¬ 
mately  balanced  by  the  decrease  in  width. 
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Abstract 

We  report  the  first  systematic  experimental  investigation  of  the  anomalous  properties  of  holes  in  a  p-type 
HgZnTe/CdTe  superlattice  by  performing  reflectivity,  transport  and  magneto-optical  measurements.  The  transport 
and  cyclotron  resonance  data  are  fully  correlated  with  the  polarization-dependent  reflectivity,  and  show  consistent 
behavior  of  two  holes  with  different  mobilities.  The  observed  distinctive  features  of  the  holes  are  accurately 
explained  by  the  extremely  non-parabolic  and  anisotropic  valence  band  structure. 


Recent  magnetotransport  measurements  on 
p-type  Hg-based  superlattices  [1,2]  have  yielded 
extraordinarily  high  hole  mobilities  (>  105 
cm2/V  •  s),  which  is  of  great  interest  for  potential 


*  Corresponding  author. 


device  applications.  The  existence  of  holes  with 
such  high  mobilities  corresponds  to  the  extremely 
small  in-plane  hole  effective  masses  and  arises 
from  the  unique  narrow-band-gap  superlattice 
band  structures,  which  are  quite  distinct  from 
anything  observed  so  far  in  wide-band-gap  sys¬ 
tems.  Here  we  report  the  first  systematic  experi- 
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mental  investigation  of  the  anomalous  properties 
of  holes  in  a  p-type  HgZnTe/CdTe  superlattice 
by  performing  reflectivity,  transport  and  mag¬ 
neto-optical  measurements.  The  transport  and 
cyclotron  resonance  data  are  fully  correlated  with 
the  polarization-dependent  reflectivity  and  show 
consistent  behavior  of  the  holes. 

Transport  and  cyclotron  resonance  experi¬ 
ments  have  been  performed  on  a  p-type  100 
periods  Hg^Zn^Te/CdTe  superlattice  grown 
by  MBE  on  a  GaAs(lOO)  substrate.  Nominal  ma¬ 
terial  parameters  are  x  =  0.06  for  the  composi¬ 
tion,  70  A  for  the  HgZnTe  well  thickness,  and  23 
A  for  the  CdTe  barrier  thickness.  Figs.  1  and  2 
show  the  temperature-dependent  electron  and 
hole  mobilities  and  cyclotron  resonance  data, 
which  display  consistent  behavior.  At  low  temper¬ 
atures  (T  <  10  K)  two  holes  with  different  mobili¬ 
ties  are  obtained  from  the  mixed  conduction 
analysis,  which  account  for  the  two-hole  cyclotron 
resonances  observed  in  the  hole-active  circular 
polarization  of  Faraday  geometry  (optical  propa¬ 
gation  parallel  to  B).  The  hole  cyclotron  mass 
associated  with  the  lower  field  resonance  is  found 
to  be  ~  2.5  X  10“ 3  m0,  which  is  extremely  small 
and  results  in  the  ultrahigh  hole  mobility  ob¬ 
served  in  transport.  The  second  hole  resonance 
corresponding  to  the  lower  mobility  holes  in 
transport  is  resolved  only  for  high-resonance 


Fig.  1.  Temperature  dependence  of  electron  and  hole  mobili¬ 
ties  (holes,  open  marks;  electrons,  solid  marks). 


B  ( kG) 

Fig.  2.  FIR  photon  energies  as  a  function  of  resonant  mag¬ 
netic  fields  in  the  Faraday  geometry.  The  solid  lines  along 
data  are  the  calculated  inter-Landau  level  transitions. 

magnetic  fields  because  of  its  broader  line  width. 
The  inset  in  Fig.  2  shows  typical  magnetotrans¬ 
mission  for  the  wavelength  96.5  at  1.8  K. 
With  increasing  temperature  (7  >10  K)  ther¬ 
mally  generated  intrinsic  electrons  come  to  domi¬ 
nate  the  transport  properties  and  they  are  also 
reflected  in  the  cyclotron  resonance  data:  two 
electron  cyclotron  resonances  start  to  occur,  while 
the  intensities  of  the  hole  absorptions  decrease. 
This  thermal  behavior  of  carriers  indicates  that 
the  sample  has  an  energy  gap  near  zero  ( Eg  <  10 
meV). 

We  have  calculated  the  energy  band  structure 
in  order  to  identify  the  hole  magneto-optical 
transitions  and  explain  the  existence  of  two  holes 
with  different  mobilities  at  low  temperature  and 
the  abrupt  decrease  in  their  mobilities  with  in¬ 
creasing  temperature.  In  calculating  the  band 
structure  by  a  k-p  method,  the  best  fit  to  the 
experimental  data  was  obtained  following  slight 
adjustments  of  the  Zn  composition  *  and  layer 
thicknesses.  The  value  of  the  valence  band  offset 
A  (~500  meV),  defined  as  the  difference  be¬ 
tween  the  HgZnTe  and  CdTe  Ts  valence  band 
maxima,  which  cannot  be  uniquely  determined  by 
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Fig.  3.  Calculated  superlattice  energy  dispersions  in  the  growth 
and  in-plane  directions. 


the  cyclotron  resonance  data  in  the  Faraday  ge¬ 
ometry  alone  [3,4]  was  independently  determined 
by  reflectivity  data,  as  detailed  later.  Fig.  3  dis¬ 
plays  the  resulting  band  structure  of  the  superlat¬ 
tice  for  x  =  0.04,  d w  =  73  and  dB  =  20  A.  It  shows 
that  in  contrast  to  the  El  band,  the  hhl  band  is 
dispersionless  in  the  growth-direction  wavevector 
kz,  and  this  results  in  the  mass  broadening  of 
holes  for  low  temperatures  [2].  The  inter-Landau 
level  transition,  —  2'hhl  =>  —  l'hhl,  can  thus  oc¬ 
cur  at  two  extremal  positions  of  kz  over  the  zone. 
The  lower  field  hole  resonance  is  found  to  be 
very  close  to  the  transition  occurring  at  kz  =  0, 
while  the  high  field  resonance  can  be  fit  by  the 
transition  occurring  at  kz  «  0.25  ( ir/d ).  The  hhl 
band  also  shows  a  strong  non-parabolicity  of  the 
dispersion  with  in-plane  wavevector  kx ,  and  the 
average  effective  mass  over  the  thermal  distribu¬ 
tion  increases  with  temperature.  This  causes  the 
abrupt  decrease  in  the  hole  mobility  observed 
with  increasing  temperature.  This  thermal  effect 
in  hole  effective  mass  also  accounts  for  the  tem¬ 


perature  dependence  of  the  hole  cyclotron  reso¬ 
nance,  which  is  observed  for  the  wavelength  118.8 
jim.  As  the  temperature  increases  from  1.8  to  50 
K,  the  hole  resonance  becomes  broader,  and  an¬ 
other  very  broad  absorption  associated  with  low- 
mobility  holes  starts  to  occur  at  the  high-field 
side. 

The  existence  of  holes  and  their  thermal  prop¬ 
erties  should  be  confirmed  by  a  direct  measure¬ 
ment  of  hole  intersubband  transitions.  This  was 
done  in  our  reflectivity  experiment,  which  is  also 
found  to  be  crucial  in  determining  A.  We  have 
developed  a  reflectivity  technique  to  enhance  the 
polarization  perpendicular  to  the  superlattice 
plane.  The  broadband  beam  was  incident  at  45 
degree  to  the  back  side  of  the  sample,  i.e.,  GaAs 
substrate.  A  conducting  thin  film  was  tightly  at¬ 
tached  to  the  front  of  the  superlattice  film  in 
order  to  make  the  optical  electric  field  of  the 
photon  to  be  predominantly  perpendicular  to  the 
superlattice  plane,  which  causes  maximum  optical 
coupling  of  the  radiation  to  the  vertical  motion  of 
electrons. 

Fig.  4  displays  the  high-frequency  reflectivity 
data  of  the  superlattice.  No  appreciable  structure 
was  found  between  900  and  3000  cm-1.  In  the 
polarization  E\\z  the  data  show  a  strong  absorp¬ 
tion  at  about  570  cm"1  and  a  weak  one  at  about 
350  cm-1.  The  main  absorption  at  570  cm-1 


Fig.  4.  Polarization  dependence  of  reflectivity  spectra  at  4.2  K. 
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ENERGY  (cm'1) 

Fig.  5.  Temperature  dependence  of  reflectivity  for  polariza¬ 
tion  perpendicular  to  the  superlattice  plane. 


shows  a  marked  polarization  dependence,  and 
corresponds  to  the  hhl  =>  hh2  intersubband  tran¬ 
sition.  On  the  other  hand,  the  small  absorption  at 
350  cm-1  has  relatively  little  polarization  depen¬ 
dence,  and  is  associated  with  the  hhl  =>  lhl  tran¬ 
sition  (the  polarization  selection  rule  is  less  re¬ 
strictive  for  interband  transitions  than  intersub¬ 
band  transitions).  Both  absorptions  also  have 
temperature-induced  broadenings,  as  shown  in 
Fig.  5.  We  note  that  with  increasing  temperature, 
the  hhl  =>  hh2  absorption  becomes  weaker  and 
its  transition  energy  is  found  to  shift  to  lower 
energy.  This  thermal  behavior,  similar  to  those  in 
the  transport  and  the  hole  cyclotron  resonance 
data,  can  be  explained  by  the  strong  non-para- 
bolicity  of  the  hhl  in-plane  energy  dispersion 
E(kx).  As  temperature  increases,  thermally  ex¬ 
cited  holes  are  distributed  over  the  high-energy 
region  of  the  hhl  band,  resulting  in  the  small 
shift  of  hhl  =>  hh2  transition  to  lower  energy. 

The  observed  transition  energy  of  hhl  =>  hh2 
is  found  to  fall  in  the  range  of  values  of  about  70 
meV.  This  result  is  crucial  in  determining  the 
value  of  A.  It  is  well  known  that  strain  moves  the 
light-hole  band  lhl  higher  in  energy  with  respect 
to  the  hhl  band,  while  quantum  confinement 
enhanced  by  a  large  A  pushes  lhl  lower  than  hhl 


because  of  the  large  difference  between  light-hole 
and  heavy-hole  masses  [5].  Therefore,  for  small  A 
values  the  strain  effect  is  dominant,  and  the  hole 
Fermi  level  is  in  the  lhl  band.  The  intersubband 
transition  is  then  lhl  =>  lh2  whose  transition  en¬ 
ergy  is  very  large  ( ~  200  meV)  because  of  the 
small  light-hole  mass.  Thus,  the  observed  transi¬ 
tion  energy  of  about  570  cm”1  cannot  be  ex¬ 
plained  by  any  optical  transitions  between  light- 
hole  subbands.  The  assignment  of  the  main  ab¬ 
sorption  of  570  cm”1  to  the  hhl  =>  hh2  intersub¬ 
band  transition  implies  that  the  Fermi  level  is  in 
the  hhl  band,  and  this  is  possible  only  for  a  large 
value  of  the  valence  band  offset.  The  theoretical 
value  of  A  from  a  fit  for  the  reflectivity  data 
should  be  determined  so  as  to  be  consistent  with 
the  transport  and  magneto-optical  data.  For  x  = 
0.04,  dw  =  73  A  and  dB  =  20  A,  the  value  of 
A  =  500  meV  gives  £(hhl  ==>  hh2)  =  70  meV, 
E( hhl  =>  lhl)  =  45  meV  and  a  nearly  zero  band 
gap  £g  =  7  meV.  The  strain  parameters  are  taken 
identical  to  those  in  HgTe  [4],  which  may  be 
justified  for  HgZnTe  with  low  Zn  content. 

In  summary,  transport  and  magneto-optical 
measurements  made  on  a  p-type  HgZnTe/CdTe 
superlattice  show  consistent  behavior  of  two  holes 
with  different  mobilities,  which  is  explained  by 
the  extremely  non-parabolic  and  anisotropic  va¬ 
lence  band  structure.  Properties  of  the  holes  were 
further  investigated  by  reflectivity  measurements, 
which  led  to  identification  of  the  two  transitions, 
hhl  =>  hh2  and  hhl  =>  lhl.  The  main  absorption 
of  the  hhl  =>  hh2  at  570  cm”1  shows  a  strong 
polarization  dependence  and  a  temperature-in¬ 
duced  broadening  and  shift  in  transition  energy. 
Considering  the  compensating  effect  of  the  quan¬ 
tum  confinement  and  strain  on  the  position  of 
hole  subbands,  this  result  also  gives  direct  experi¬ 
mental  evidence  for  a  large  value  ( ~  500  meV) 
for  the  controversial  valence  band  offset,  but  it 
should  be  noted  that  there  are  enough  uncertain¬ 
ties  in  the  Zn  composition  x  and  the  layer  thick¬ 
nesses  of  the  superlattice  that  slightly  smaller 
values  for  the  offset  cannot  be  ruled  out. 
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Abstract 

We  compare  anticrossing  of  the  cyclotron  and  spin  resonances  in  spin-polarized  and  non-polarized  phases  of  the 
degenerate  two-dimensional  Coulomb  gas  subjected  to  a  strong  tilted  magnetic  field.  The  spin-orbit  coupling  splits 
these  resonances  into  three  lines  with  the  gaps  between  them  exactly  equal  to  82n  +  l  =  vsopF  and  52n  =  vsopF/  y/2.  at 
odd-  and  even-  integer  filling  factors,  respectively.  The  l/\/2  difference  between  82n  and  82n  +  1  comes  from  the 
existence  of  an  additional  spin-density  wave  excitation  in  the  polarized  phase  of  interacting  electrons  at  v  =  In  and 
can  be  treated  as  a  means  to  indicate  the  re -entrance  of  the  system  into  it. 


1.  Introduction 

In  the  present  paper,  we  study  the  interplay  of 
the  electron-electron  interaction  in  a  2D  elec¬ 
tron  gas  (in  a  single  ideally  pure  heterostructure 
or  quantum  well)  with  spin-orbit  coupling  under 
specific  conditions  of  artificial  degeneracy  of 
spin-split  Landau  levels  [1].  This  situation  can  be 
realized  in  the  2D  electron  gas  by  subjecting  it  to 
a  strongly  tilted  magnetic  field,  so  that  the  tilting 
makes  up  for  the  relative  smallness  of  the  elec¬ 
tron  g-factor  [2,3]  and  provides  o)c  =  eHz/mc  ~ 
cos  =  jjigH/h.  In  this  case  the  degenerate  Landau 
levels  with  different  spins  are  resonantly  mixed 
and  then  split  in  the  first  order  by  spin-orbit 
interaction  [4],  and  the  analysis  below  deals  with 
the  influence  of  the  Coulomb  correlations  on  the 
fine  structure  of  the  cyclotron  resonance  (CR) 
near  its  crossing  with  the  electron  spin  resonance 
(ESR). 

The  electron-electron  interaction  has  two  im¬ 
portant  consequences  which  make  this  crossing 


different  in  the  Coulomb  and  non-interacting  gas. 
The  first  results  from  the  fact  that  the  crossings 
CR-ESR  and  CR-combined  frequency  reso¬ 
nance  (CFR)  are  resolved  by  the  exchange  inter¬ 
action  [6],  and  mixing  and  splitting  involve  differ¬ 
ent  hybridized  collective  modes,  as  compared  to 
free  electrons  [4].  (But,  according  to  Kohn’s  and 
Larmor’s  theorems  [5-7],  the  crossing  conditions 
remain  the  same  as  in  the  free  gas  model.) 

Another  feature  of  the  interacting  electron 
system  consists  of  its  transition  to  a  collective 
spin-polarized  state  near  the  spin-split  Landau 
level’s  crossing  at  even-integer  filling  factor,  as 
predicted  by  Giuliani  and  Quinn  [1]  and,  proba¬ 
bly,  observed  by  Koch  et  al.  [3].  The  exchange 
interaction  of  electrons  stimulates  the  spin  align¬ 
ment,  so  that  the  electron  gas  at  the  CR-ESR 
crossing  point  has  to  be  already  polarized.  The 
occupation  of  two  excess  Landau  levels  with  the 
same  spins  produces  a  new  spin-density  wave 
mode  which  cannot  manifest  itself  in  ordinary 
spin  resonance  absorption  but  affects  the  fine 
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structure  of  CR  at  its  crossing  with  ESR,  so  that 
we  are  able  to  propose  the  way  for  its  indirect 
observation. 

In  studying  this  problem,  we  use  the  approach 
of  inter-Landau-level  excitons  [8,6],  This  ap¬ 
proach  is  applicable  to  completely  filled  2D  Lan¬ 
dau  levels  and,  formally,  requires  that  the  planar 
cyclotron  energy  hcoc  be  larger  than  the  Coulomb 
energy  e2/xAH.  It  is  based  on  the  fact  that  the 
electrons  from  the  filled  Landau  levels  and  the 
positive  background  of  donors  form  a  homoge¬ 
neous  neutral  system  [9]  with  chargeless  excita¬ 
tions  composed,  as  illustrated  in  Fig.  1,  of  an 
electron  in  one  of  the  empty  Landau  levels  (say, 
N  =  (n,  a))  correlated  with  a  hole  (empty  state) 
in  one  of  the  completely  filled  ones  (W'  = 
in’,  a'),  a  =  l  or  T  )•  As  long  as  such  excitations 
are  neutral,  their  total  momenta  0  are  exact 
quantum  numbers,  in  spite  of  the  presence  of  a 
quantizing  magnetic  field.  After  accounting  for 
the  spin  degree  of  freedom,  we  get  the  basic  set 
^AW'(2)I0)  of  low-lying  excited  states,  where 

Vnn’(Q)  =  Le'pQya  +  aN,p_Qx.  (1) 

P 

In  Eq.  (1)  we  use  the  gauge  A  =  (-Hzy  + 
Hyz,  ~Hxz,  0)  and  the  dimensionless  momenta 
Q  and  p  measured  in  units  1  /X„  of  the  inverse 
magnetic  length  XH  +  (hc/eHz)l/1. 

In  terms  of  the  excitons,  Eq.  (1),  we  can  re¬ 
place  the  exact  many-body  Hamiltonian  of  2D 
electrons,  H  =  H0  +  Vso  +  (J,  (where  H0  = 
HeNa^aN),  by  the  set  of  finite-size  matrices 

^Wxaw')  =  <°\VM'(Q)HVZn,(Q)  |0> 

—  ^NN^N'N'(^ I  H  1 0) , 

each  acting  in  its  own  subspace  of  excitonic  states 
with  a  fixed  2D  momentum  0  and  total  projec- 


Fig.  1.  Inter- Landau-level  transitions  involved  into  the  exciton 
formation:  (a)  v  =  In  + 1,  (b)  v  =  2 n. 


tion  of  a  spin  to  the  axis  h  =  H/H.  The  pairs  of 
Landau  level  numbers  (AW')  and  (AW')  serve  as 
indices  and  can  be  counted  using  the  scheme  of 
inter-Landau-level  transitions  from  Fig.  1.  Each 
matrix  has  a  block-diagonal  form  with  off-diago¬ 
nal  elements  describing  the  conversion  of  one 
o/+  the  excitations,  ^,(0)10),  into  another, 
I'nn’  (0)10),  in  the  course  of  Coulomb  collisions 
or  due  to  the  spin-orbit  coupling, 

^so~  Pan  +  n P  +  H.C.)V«  +  1  aso, 

n,p 

aso  ^so(  ^0  * 

The  spin-orbit  coupling  is  treated  below  as  a 
weak  perturbation  which  mixes  a  finite  number  of 
collective  modes  (with  co  ~  o)c  —  ei>s)  originally 
formed  due  to  the  electron-electron  Coulomb 
interaction.  The  latter  can  be  written,  as  usual,  as 

U=±jdx  dx’  iji+(x )  4>+(x') 

To  designate  intermediate  stages  of  formal  calcu¬ 
lations,  we  use  the  definitions  of  Eq.  (1),  the 
algebra  of  operators  a+p  and  aN,p,  and  the  fact 
that  all  Landau  levels  (at  T=  0)  are  either  com¬ 
pletely  occupied  or  empty,  and  then  find  the  form 
of  the  reduced  matrix  Hamiltonians  H<m,VNN,. 
and  diagonalize  them.  > 


2.  CR  fine  structure  at  odd-integer  filling  factors 

The  case  of  the  unit  filling  of  the  lowest  Landau 
level,  v  =  1,  provides  us  with  the  most  clear  exam¬ 
ple,  because  there  is  a  single  magnetoplasma 
mode,  <upl  =  o)c  4-  Qe2/2hx,  in  the  system  which 
can  be  weakly  coupled  to  a  single  spin  exciton, 
(niQ  0)  —  u>s  [8,6],  Therefore,  the  absorption 
peak  near  the  crossing  a>c  =  ws  is  split  by  the 
spin— orbit  coupling  into  two  peaks  of  equal  in¬ 
tensity,  CO ±=  («c  +  cos)/2  ±  /(«c-Ws)2/4  + 
which  correspond  to  the  usual  anticrossing  struc¬ 
ture  of  the  CR-ESR  degeneracy  point.  The  split¬ 
ting  gap  between  peaks  is  2SU  S:  =  \aso/h\  = 
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pFvso(h),  where  p¥  is  the  zero  field  Fermi  mo¬ 
mentum  in  the  gas  [10]. 

With  higher  odd-integer  filling  there  are  four 
degenerate  inter-Landau-level  transitions  near 
the  crossing,  as  shown  in  Fig.  la.  Two  of  them 
correspond  to  transitions  between  neighboring 
Landau  levels  without  change  of  spin,  which, 
nevertheless,  does  not  indicate  the  coexistence  of 
two  independent  cyclotron  resonances  in  the  sys¬ 
tem.  The  electromagnetic^  field  can  only  excite 
them  in  the  combination  ^  which  is  in  fact  the 

real  charge-density-wave  eigenmode  and  has  the 
linear  dispersion  wpl(<2)  =  +  WxyQ/X  at  sma11 

wave  vectors  coinciding  with  that  of  the  classical 
magnetoplasma  oscillations.  Another  mode,  #SC], 
is  optically  passive  [6],  but  in  the  vicinity  of  CR- 
ESR  crossing  the  spin-orbit  coupling  mixes  it 
with  #„+Tni  and  excitations,  since  at  0  =  0 
they  all  have  the  same  energy.  As  to  the  com¬ 
bined  frequency  resonance  mode  ^  *ts 

spectral  position  is  shifted  by  the  electron-elec¬ 
tron  exchange  with  respect  to  that  of  the  single¬ 
particle  transition,  g>  =  2 wc-cos  +  E*  (at  v  = 
3,  £*  =  -  vW2)  so  that  the  CR- 

ESR  and  CR-CFR  crossings  take  place  at  differ- 
ent  magnetic  field  tilting.  A  + 

Now  we  have  three  collective  modes 
?  1//+)  to  be  mixed,  and  after  some  algebra 
one  can  find  the  resulting  collective  excitations 
spectrum  to  be  composed  of  the  “unperturbed 
cyclotron  resonance  mode,  wCR  =  wc,  with  the 
relative  efficiency  ICR  a  1  -  (2n  +  1)  ,  and 

mixed  modes  with  the  frequencies 


t o , 


(Oc 


(Om  — 


+ 


5?..  L  i  + 


=C  u2n  +  l 


0) 


c-^s'2 


(2) 


and  relative  efficiencies  I ±—  0.5/(2 n  +  1)  .  This 
gives  us  the  unusual  form  of  the  fine  structure  of 
the  CR  near  the  crossing  point  shown  in  Fig.  2: 
two  weak  lines  (satellites)  which  demonstrate  the 
conventional  anticrossing  coexist  with  the  unper¬ 
turbed  CR  line.  At  any  odd-integer  filling  factor 
the  splitting  gaps  between  satellites, 


Ah 


(3) 


Fig.  2.  The  CR  fine  structure  near  the  crossing. 


are  exactly  equal  to  the  zero  magnetic  field  spin¬ 
splitting  [10]  at  v  =  1. 


3.  CR  fine  structure  in  the  polarized  phase  at 
even-integer  filling  factors 

The  analysis  of  even-integer  filling  factors  is 
more  complex  because  of  the  complexity  of  the 
ground  state  of  the  system  close  to  the  artificial 
degeneracy  point.  It  has  been  shown  by  Giuliani 
and  Quinn  [1]  that,  due  to  the  inter-Landau-level 
exchange,  the  electron-electron  interaction  gives 
an  earlier  rise  to  the  polarization  transition  in  a 
2D  gas  (i.e.,  at  coc  >  cos )  than  one  could  expect 
from  the  single-particle  consideration.  At  o)c  =  cos , 
where  the  CR— ESR  crossing  takes  place,  the  gas 
in  an  ideally  pure  2D  system  at  T  =  0  forms  a 
polarized  and  homogeneous  ground  state.  A  weak 
spin-orbit  coupling  (at  v  =  2  it  should  be 
l«sol^^£c>  where  Ec=  /(rr/2)  e2/x^H  tllL 
which  requires  vso  <  e2/hx )  does  not  change  this 
result  and  perturbs  the  above  ground  state  and 
elementary  quasiparticles  in  it  only  slightly.  This 
is  to  say,  that,  in  addition  to  a  single  cyclotron 
mode  #24.  u>  the  polarized  phase  has  two  spin- 
flip  excitation  modes  #<j"T  0 1  an<f  '^i+t  1 1  re^ec^ 
to  the  spin  flip  at  different  Landau  levels,  as 
shown  in  Fig.  lb.  The  block  of  the  matrix  Hamil¬ 
tonian  to  describe  these  two  is  of  the  form 

I  \Ec  -K) 

\-k  Kr 

and  shows  that  real  excitons  are  their  symmetric 
and  antisymmetric  combinations,  (#i+T  1 4,  ± 
#+t0J)/i/2.  The  symmetric  mode  frequency  is 
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exactly  equal  (at  Q  =  0)  to  the  Zeeman  splitting 
value,  in  agreement  with  Larmor’s  theorem.  Only 
this  mode  can  be  excited  by  an  external  alternat¬ 
ing  magnetic  field,  whereas  the  antisymmetric 
spin  wave  with  the  energy  e(Q  ->  0)  =  fuos  +  Ec 
cannot  be  excited  in  an  ordinary  spin  resonance. 

This  result  allows  us  to  state  that  there  are 
only  two  completely  degenerate  modes  at  the 
point  ws  =  o)c:  the  magnetoplasmon  and  sym¬ 
metric  spin-density  wave  (tfYTU  + 
y/2,  whereas  the  frequency  of  the  excitation 
-  ^0i)/j2  is  shifted  by  the  value  of 
Ec  and  takes  no  part  in  the  resonant  mixing.  A 
more  accurate  analysis  [11]  shows  that  both  of 
these  two  above-mentioned  modes  are  decoupled 
from  the  continuum  spectrum  composed  of  pairs 
of  “cyclotron”  x )  and  spin  +  1  low-energy 

(^o+TU)  excitons,  in  agreement  with  Kohn’s  [5] 
and  Larmor’s  theorems,  and  one  can  find  their 
spin-orbit  splitting  gap  as  82  =  p  Pvs0(h)/  ]f2  .  This 
gap  is  1/  y/2  factor  reduced  as  compared  to  that 
at  odd-integer  filling  factors.  The  origin  of  this 
difference  can  be  traced  at  intermediate  stages  of 
calculations,  after  one  notes  that  the  direct 
spin-orbit  coupling  (initially,  with  the^amplitude 
y/2aso)  which  exists  only  between  ^+TU  and 
$21 1 1  excitons  has  to  be  equally  shared  among 
symmetric  and  antisymmetric  modes.  Therefore, 
although  the  antisymmetric  spin-density  wave  is 
optically  passive,  its  existence  sufficiently  renor¬ 
malizes  the  anticrossing  of  the  CR  and  ESR,  to 
allow  its  indirect  observation. 

In  extending  our  analysis  to  the  polarized  state 
at  higher  even-integer  filling  factors ,  we  should 
account  for  one  additional  inter-Landau-level 
mode  ^+T„-iT  in  the  basis  (see  Fig.  lb).  This 
increases  the  number  of  actual  excitons,  but  the 
appropriate  choice  of  magnetoplasma  and  spin- 
density  waves  reduces  the  problem  to  that  consid¬ 
ered.  That  is,  in  the  vicinity  of  a  crossing  the  CR 
line  acquires  two  weak  satellites,  similar  to  those 
at  odd-integer  filling,  whereas  the  crossing  of 
magnetoplasma  modes  and  with  anti¬ 
symmetric  spin  +1  exciton  can  be  ignored,  be¬ 
cause  it  occurs  in  the  region  of  polarized  phase 
instability.  The  CR  acquires,  therefore,  a  similar 
fine  structure  to  that  described  by  Fig.  1  with  the 
only,  though  important,  difference  being  that  the 


magnitude  of  the  gaps  82n+2  between  modes  6)CR 
and  o)  ,, 


r/  yjh) 

V  2  \H 


P  FVso(h) 
&  ’ 
(4) 


is  reduced  by  the  factor  of  l/i/2  in  comparison 
with  those  at  odd-integer  filling. 


4.  Summary 

To  summarize,  the  proposed  theory  of  the 
cyclotron  resonance  fine  structure  near  its  cross¬ 
ing  with  the  electron  spin  resonance  in  the  2D 
Coulomb  gas  subjected  to  a  strong  tilted  magnetic 
field  shows  that  the  CR  is,  generally,  composed 
of  three  lines,  with  the  intensities  evolving  when 
the  filling  factor  changes.  One  line  is  just  at  the 
unperturbed  cyclotron  resonance  frequency;  its 
relative  intensity  increases  from  zero  (at  v  —  1,  2) 
to  almost  100%  with  occupation  numbers  higher 
than  3.  The  other  two  are  split  by  the  spin-orbit 
interaction  and  undergo  a  reverse  evolution.  Af¬ 
ter  combining  the  results  obtained  for  odd-  and 
even-integer  fillings,  we  obtain  that  the  gaps  which 
separate  these  split  resonances  are  also  filling- 
factor-dependent  in  such  a  way  that  they  take  the 
value  of  vsopF  or  vsopF/^l 2  at  v  =  In  +  1  and 
v  =  2n,  respectively,  whereas  the  above  parame¬ 
ter  vsop  F  (the  zero-field  spin-splitting)  is  deter¬ 
mined  only  by  the  sheet  electron  density  and  the 
heterostructure  material  but  is  independent  of 
the  magnetic  field.  This  kind  of  Shubnikov-de 
Haas  oscillations  in  the  CR  spectrum  manifests 
re-entrance  of  the  2D  system  into  a  partially 
spin-polarized  state  and  gives  promise  to  find  an 
indication  of  a  new  spin-density  wave  mode  spe¬ 
cific  to  this  phase. 
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ELSEVIER 


Abstract 

We  present  a  new,  powerful  concept  for  solving  the  set  of  coupled  equations  of  a  multicomponent  envelope 
function  problem  which  is  based  on  a  quadrature  method  for  the  integral  equations  in  momentum  space.  As 
an  application  of  our  method  we  discuss  the  dispersion  of  holes  in  AlAs/GaAs  and  Si/Sii-^Ge*  quantum  wells 
which  have  recently  been  probed  experimentally  by  using  resonant  magneto-tunneling  spectroscopy. 


1.  Introduction 

Immense  progress  in  heterostructure  epitaxy 
has  made  possible  the  fabrication  of  a  great  vari¬ 
ety  of  layered  semiconductor  structures.  Due  to 
the  mastery  of  growth  techniques  such  as  molec¬ 
ular  beam  epitaxy  (MBE)  and  metalorganic 
chemical  vapor  deposition  (MOCVD)  one  can 
realize  predesigned  potential  profiles  and  impu¬ 
rity  distributions  of  the  highest  quality.  In  fact  a 
point  is  reached  where  “do-it-yourself  quantum 
mechanics”  [  1  ]  is  possible. 

In  theoretical  studies  on  the  electronic  struc¬ 
ture  of  layered  semiconductors  methods  based 
on  the  envelope  function  approximation  (EFA) 
are  predominant  [2].  The  EFA  can  cope  with 
periodic  or  aperiodic  geometries  of  the  stuctures 
as  well  as  perturbations  such  as  magnetic  field, 
strain,  or  a  built-in  or  external  potential.  De¬ 
tails  of  the  underlying  crystal  potential  are  in¬ 
cluded  in  terms  of  bulk  band  structure  param¬ 
eters.  Hence  the  EFA  allows  a  comprehensive 


description  of  electron  and  hole-like  states  that 
covers  a  wide  range  of  aspects  relevant  for  a  com¬ 
parison  with  experiments. 

In  position  space  the  Schrodinger  equation  for 
the  multicomponent  envelope  function  is  a  set 
of  coupled  differential  equations.  Until  now  no 
general  solution  to  the  eigenvalue  problem  has 
been  provided.  Several  methods  have  been  sug¬ 
gested,  each  of  them  suited  for  certain  problems 
but  always  requiring  additional  simplifications. 
A  detailed  discussion  of  existing  approaches  has 
recently  been  given  elsewhere  [3].  It  is  the  aim 
of  the  present  work  to  present  a  new,  accurate 
method  for  the  standardized  solution  of  multi- 
component  envelope  function  problems  which 
realises  the  full  potential  of  the  EFA  thus  giv¬ 
ing  us  flexibility  comparable  with  the  methods 
of  device  fabrication.  Simultaneously,  it  avoids 
unphysical  “wing  band”  [18]  and  “spurious”  so¬ 
lutions  [19]  which  for  some  time  have  bothered 
researchers  in  this  field  [3]. 
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2.  Multiband  Hamiltonians  in  momentum  space 

In  position  space  the  Hamiltonian  for  the 
envelope  function  is  obtained  from  the  k  ■  p 
matrix  for  the  bulk  band  structure  by  replacing 
k  -*  (k ||,  (l/i)<9z)  and  adding  to  the  diagonal 
the  built-in  or  external  potential  V (z)  [2].  In  a 
generalized  formulation  the  eigenvalue  problem 
reads 

H(z)'F(z)  =  £V(z).  (1) 

Here  the  N  x  N  matrix  Hamiltonian  H  acts  on 
the  spinor  IP.  We  have 

H=  H<°>  +  H(1>  +  H(2>  (2) 

with  matrix  elements  labeled  according  to  the 
band  edge  Bloch  functions 

t(0)  _  (0)  <0),  , 

nnn’  Lnn'  •  onn' 

+  ^U)(l/i)dz], 

Kl'  =  c(n2jm/i)d2]2  +  (i/i)dxg$(z) 

x(l/i)dz.  (3) 

Here  c^J  are  complex  constants  and  ( z ) 

are  complex  functions  of  z  due  to  the  position- 
dependence  of  the  band  parameters.  In  gen¬ 
eral  H (0)  contains  terms  which  result  from  the 
in-plane  dispersion;  in  addition  we  have  z- 
dependent  band  edge  energies  and  a  potential  on 
its  diagonal.  tf {1)  represents  off-diagonal  terms 
proportional  to  momentum  matrix  elements 
multiplied  by  kz  =  (l/i)<9z  and  H(1)  results 
from  remote  band  contributions  of  second  order 
in  kz.  Additional  terms,  such  as  those  caused  by 
homogeneous  strain,  can  easily  be  included.  Eq. 
(3)  corresponds  to  the  most  commonly  used 
Hermitian  formulation  of  the  operator  H. 

In  order  to  solve  the  eigenvalue  problem  we 
change  over  to  momentum  space.  A  Fourier 
transform  leads  to  the  coupled  integral  equations 


H{k)¥(k)  =  j  dkf[ci0)S(k-k') 

+  G  (0)  (k  —  kf )  +  C{l)k'S(k-k') 
+  j(k  +  kf)G{l)(k  -  kf) 

+  Ci2)kf2d(k-k') 
+kk'G(2Hk-k')'F(k')\ 

=  £V(k),  (4) 

where  we  have  used  k  =  kz.  We  apply  a  stan¬ 
dard  quadrature  method  [4]  to  solve  the  integral 
equations  (4). 

The  appropriate  boundary  conditions  at  in¬ 
terfaces  emerge  from  the  Hermitian  formulation 
of  the  operator  H.  Hence,  although  we  need  not 
deal  with  these  boundary  conditions  in  momen¬ 
tum  space,  any  solution  *F(k)  of  Eq.  (4)  will  sat¬ 
isfy  them  when  transformed  into  position  space. 
Therefore  we  can  effortlessly  investigate  multi¬ 
ple  quantum  wells  having  an  arbitrary  number 
of  interfaces. 

We  have  checked  the  accuracy  of  our  numeri¬ 
cal  method  by  comparing  it  with  Andreani’s  ex¬ 
act  analytical  solution  for  the  4x4  Luttinger 
Hamiltonian.  Perfect  agreement  was  obtained 
with  Table  1  in  Ref.  [5]. 

3.  Application  to  AlAs/GaAs  and  Si/Sii-^Ge* 
quantum  wells 

As  an  application  of  our  method  we  discuss  the 
dispersion  of  hole  subbands  in  AlAs/ GaAs  and 
Si/Sii_xGex  quantum  wells.  Recently  this  was 
probed  experimentally  by  using  resonant  tunnel¬ 
ing  spectroscopy  in  high  magnetic  fields:  When 
Hayden  and  coworkers  [6-8]  plotted  the  volt¬ 
age  position  of  peaks  in  the  tunneling  current  I 
as  a  function  of  in-plane  magnetic  field  B,  they 
observed  a  striking  similarity  to  calculated  hole 
dispersion  curves  £(k\\).  Using  a  perturbation 
approach  it  was  argued  that  when  holes  are  tun¬ 
neling  resonantly  in  a  transverse  magnetic  field 
(B  ||  x)  they  aquire  an  in-plane  momentum 
component 

hk\\  =  hAkx  =  eBAs , 


(5) 
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where  As  is  the  average  distance  between  the 
bound  states  in  the  well  and  those  in  the  emit¬ 
ting  accumulation  layer.  Here  the  gauge  A  = 
(0,  -Bz,  0)  has  been  used. 

First  we  consider  the  42  A  and  the  68  A 
AlAs/GaAs  quantum  wells  used  by  Hayden  et 
al.  In  Fig.  1  we  compare  the  hole  dispersion 
curves  calculated  by  means  of  the  4  x  4  Lut- 
tinger  Hamiltonian  (Tg)  with  those  from  more 
complete  multiband  Hamiltonians  taking  into 
account  the  split-off  valence  band  and  the 
lowest  conduction  band  Vc6  [9].  Band  parame¬ 
ters  were  taken  from  Ref.  [10].  The  explicit  con¬ 
sideration  of  and  Tc6  clearly  modifies  the  cal¬ 
culated  subband  dispersion  6{k\\)  (spin-orbit 
splitting  in  bulk  GaAs  is  341  meV).  In  particu¬ 
lar,  it  affects  the  HH-LH  splitting  which  is  rele¬ 
vant  to  the  calculation  of  excitons.  By  means  of 
our  quadrature  method  it  is  also  straightforward 
to  compare  the  bound  states  in  a  quantum  well 
with  the  resonant  states  in  the  double  barrier 
structures  actually  used  in  Refs.  [6-8].  But  on 
the  energy  scale  of  Fig.  1  they  cannot  be  distin¬ 
guished.  Anisotropy  and  electric-field-induced 
spin  splitting  are  also  of  minor  importance. 

For  a  more  quantitative  comparison  with  the 
experiments  of  Hayden  et  al.  we  have  to  take 
into  account  that  only  some  fraction  Vc  of  the 
applied  bias  V  drops  between  the  emitter  region 
and  the  quantum  well;  see  Fig.  1  in  Ref.  [6]. 
Hence  we  self-consistently  calculated  the  poten¬ 
tial  profile  of  the  whole  device  as  a  function  of 
applied  bias  V  from  which  we  could  extract  Ve 
and  As  (dashed  lines  in  Fig.  2 )  [11]. 

Hayden  et  al.  have  pointed  out  that  some 
charge  NW(V)  will  accumulate  in  the  quantum 
well  thus  modifying  the  results  in  Fig.  2.  They 
determined  NW(V)  by  probing  the  Landau  level 
structure  in  a  longitudinal  magnetic  field  (B  ||  I) 
and  making  use  of  NW(V)  =  e/[nhA(l/B)] 
[12],  where  A(1  /B)  is  the  reciprocal  spacing  of 
adjacent  Landau  levels  at  constant  voltage  V. 
When  taking  AW(F)  from  Fig.  2b  in  Ref.  [7] 
we  obtain  the  solid  lines  in  Fig.  2.  However,  we 
have  to  be  careful  when  using  these  experimen¬ 
tal  values.  The  energy  of  Landau  levels  depends 
only  weakly  on  whether  these  states  are  occupied 
or  empty.  Hence  when  neglecting  anisotropy  we 


(a)  k  ||  (A  1  ) 


Fig.  1.  Hole  subband  dispersion  (a)  of  a  42  A  and  (b)  of 
a  68  A  AlAs/GaAs  quantum  well  calculated  by  means  of 
different  multiband  Hamiltonians:  TJ  (Luttinger  Hamilto¬ 
nian,  dotted  lines);  Tg  and  (dashed  lines);  FJ  and 
Tg  (solid  lines).  The  labeling  of  dispersion  curves  corre¬ 
sponds  to  the  dominant  spinor  component  at  -  0. 
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600  \-  H  =  68  A 


(b)  V  (V) 


Fig.  2.  (a)  Potential  difference  eVt  between  the  emitter  and 
the  centre  of  the  well  and  (b )  average  distance  As  between 
the  bound  states  in  the  well  and  those  in  the  emitting  ac¬ 
cumulation  layer  for  the  devices  used  in  Ref.  [6]  (see  Fig. 
1  therein).  Both  quantities  were  calculated  self-consistently 
as  a  function  of  applied  bias  V  with  (solid  lines)  and  with¬ 
out  (dashed  lines)  taking  into  account  a  charge  build-up 
NW(V)  in  the  well.  No  experimental  data  on  NW(V )  were 
available  for  the  broader  sample;  hence  in  both  cases  we 
used  Fig.  2b  in  Ref.  [7].  Dotted  lines  refer  to  an  estimate 
in  Ref.  [6]. 

have  k^(V)  =  2nNw(V)  =  2e/[hA(l/B)]. 
From  this  we  would  expect  that  Fig.  2b  in  Ref. 
[7]  should  reflect  the  energy  dispersion  S(k^) 
of  the  subbands  in  the  well  [12]. 

Fig.  2  was  used  to  obtain  a  converted  plot  B 
versus  V  (Fig.  3)  directly  comparable  with  the 
experimental  curves  in  Refs.  [6-8]. 

The  technique  of  Hayden  et  al.  was  used  by 
Gennser  et  al.  [13]  to  probe  the  anisotropic 
dispersion  of  holes  in  strained  Si/Sii-^Ge* 
quantum  wells.  In  Fig.  4  we  show  calculated 
results  for  the  strained  40  A  Si/Sio.67Geo.33  and 
the  50  A  Si/Si0.5Ge0.5  quantum  wells  used  in 
Ref.  [13].  Band  parameters  were  taken  from 


(b)  B  (T) 

Fig.  3.  Resonances  in  the  I-V  characteristic  as  a  function 
of  transverse  magnetic  field,  calculated  for  the  two  samples 
in  Ref.  [6]  by  using  the  solid  lines  in  Figs.  1  and  2. 
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Fig.  4.  Hole  subband  dispersion  (a)  of  the  strained  40  A 
Si/Si0.67Ge0.33  and  (b)  of  the  50  A  Si/Sio.sGe0.5  quantum 
wells  of  Ref.  [13].  Both  were  calculated  by  means  of  a  6  x  6 
valence  band  Hamiltonian.  Solid  lines  correspond  to  ft||  in 
the  (10)  direction,  dashed  lines  are  for  (11). 


Ref.  [14].  Our  results  differ  to  some  extent 
from  the  measured  values.  In  contrast  to  Ref. 
[13]  (but  in  agreement  with  Ref.  [8] )  we  find 
that  the  topmost  subbands  HH1  and  LH1  show 
the  strongest  repulsion  in  the  direction  (11) 
while  they  come  closer  in  the  (10)  direction.  We 
encountered  the  same  discrepancies  when  cal¬ 
culating  the  anisotropic  subband  dispersion  for 
the  strained  AlAs/In0.iGa0.9As  quantum  well 
investigated  by  Lin  et  al.  [15]. 

A  few  comments  are  called  for.  In  Ref.  [16] 
Gennser  et  al.  showed  that  almost  the  same  reso¬ 
nances  in  the  tunneling  current  can  be  observed 
both  for  a  transverse  (B  1 1)  and  for  a  longitudi¬ 
nal  (B  ||  I)  magnetic  field.  Obviously  their  find¬ 
ings  appear  to  be  incompatible  with  the  inter¬ 
pretation  of  these  experiments  given  by  Hayden 
et  al.  Second,  we  want  to  remark  that  Smoliner 
et  al.  [17]  showed  both  theoretically  and  experi¬ 
mentally  that  for  tunneling  2D-electrons  the  res¬ 
onances  in  the  I-V  characteristic  broaden  con¬ 
siderably  when  a  transverse  magnetic  field  is  ap¬ 
plied.  We  might  expect  that  this  effect  should  be 
visible  also  in  the  case  of  resonant  2D-hole  tun¬ 
neling.  For  these  reasons  we  suggest  that  the  sim¬ 
ple  picture  based  on  perturbation  theory  might 
be  insufficient  for  an  interpretation  of  the  exper¬ 
imental  data  which  were  obtained  in  a  magnetic 
field  of  up  to  40  T. 


4.  Summary  and  conclusions 

We  have  presented  a  new  concept  for  the  solu¬ 
tion  of  multicomponent  envelope  function  prob¬ 
lems  which  is  based  on  a  quadrature  method  for 
the  integral  equations  in  momentum  space.  The 
ansatz  can  be  readily  transferred  to  a  wide  range 
of  Schrodinger-type  eigenvalue  problems.  As  an 
application  we  discussed  the  dispersion  of  holes 
in  AlAs/GaAs  and  Si/Si^Ge*  quantum  wells 
which  has  recently  been  probed  experimentally 
by  means  of  resonant  tunneling  spectroscopy  in 
high  magnetic  fields.  Our  calculations  indicate 
that  an  interpretation  of  the  experimental  data 
by  means  of  perturbation  theory  is  inadequate. 
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Abstract 

Low-temperature  magnetotransport  properties  for  the  recent  n-type  modulation-doped  Si/SiGe  heterostructures 
are  reported.  The  biaxially  tensile-stressed  (100)Si  surface  layers  on  stress-relieved  SiGe  substrates  are  shown  to 
have  all  the  well  known  MOSFET  characteristics  but  with  more  than  an  order  of  magnitude  higher  mobility.  The 
four-fold  degeneracy  of  the  ground  subband  can  be  completely  resolved  at  a  magnetic  field  as  low  as  2  T.  FQHE  at 
2/3  and  4/3  are  clearly  discerned  and  the  activation  energy  at  the  plateaus  is  about  1  K  at  10  T.  The  ratios  between 
scattering  time  and  single-particle  relaxation  time  are  4-10  for  a  great  number  of  samples  examined.  Low-tempera¬ 
ture  mobility  appears  to  be  capped  below  2X  105  cm2  V-1  s-1  at  present,  as  reported  from  several  laboratories. 
Comparison  of  data  and  model  calculations  of  Stern  and  Laux  for  the  temperature-dependent  mobility  are  made. 
Fixed  charge  and  surface  roughness  appear  to  be  the  limiting  parameters  for  the  samples  currently  examined. 


1.  Introduction 

Recently  there  has  been  considerable  interest 
in  studies  of  Si/SiGe  heterostructures.  The  moti¬ 
vation  was  due  mainly  to  the  marked  advances  in 
material  preparation  both  by  MBE  and  by  UHV- 
CVD,  and  breakthrough  in  strain  relaxation  of 
the  alloy  layers  with  minimal  threading  disloca¬ 
tions  [1-3].  This  opens  up  new  possibilities  of 
stressing  the  Si  layers  in  a  way  that  the  band 
structures  are  favorably  modified,  together  with 
the  supposed  smoothness  of  the  interface,  to  give 
high  electron  mobility  unforeseen  in  the  much- 
studied  MOSFET  structures.  This  technique  is 
viewed  to  provide  significant  leverage  for  Si-based 
technology  in  its  already  dominating  position  in 
semiconductor  industry. 

In  a  strained  SiGe  layer  on  a  Si  substrate,  the 
valence-band  offset  in  the  low-Ge-fraction  alloy 
layer  has  shown  promising  two-dimensional  hole 


gas  (2DHG)  accumulation  and  favorable  heavy- 
and  light-hole  band  splitting  which  allow  detailed 
magnetotransport  studies  [4],  In  this  paper,  we 
recount  some  recent  advances  of  n-type  modula¬ 
tion-doped  Si/SiGe,  which  is  still  in  an  intensive 
stage  of  investigation  among  many  laboratories  in 
search  for  the  mechanism  that  limits  the  currently 
observed  low-temperature  mobility  to  about  2  X 
105  cm2  V-1  s_1  [5,6]. 

The  lattice  constant  of  silicon  is  5.43  A,  about 
4%  smaller  than  that  of  Ge  (5.65  A).  The  alloy  is 
then  to  have  a  lattice  constant  somewhere  in-be¬ 
tween  depending  on  the  relative  composition. 
Until  recently,  stress-relieved  alloy  layers  grown 
on  silicon  substrates  always  had  an  unacceptably 
high  mismatch  threading  dislocation  density.  The 
discovery  that  gradual  grading  of  the  alloy  com¬ 
position  provides  relaxation  of  mismatch  strain 
with  drastically  reduced  threading  dislocations  in 
the  growth  direction  [1-3]  allows  pseudomorphic 
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growth  of  good-quality  thin  Si  layers  on  a  larger 
and  tunable  crystalline  lattice.  An  example  (Fig. 
1)  by  LeGoues  et  al.  [1]  shows  cross-sectional 
images  of  samples  grown  by  UHV-CVD,  with 
single-step  and  graded  alloy  layer  growth  of  a 
SiGe  alloy  on  a  Si  substrate.  The  nearly  defect- 
free  graded  alloy  layer  is  clearly  seen.  The  faults 
seen  on  the  substrate  side  are  believed  to  be 
generated  by  the  Frank-Read  mechanism  [1], 
which  provides  partial  stress  relief  for  the  film. 


2.  Strain-induced  subbands 

For  a  thin  Si  layer  grown  on  this  (100)  sub¬ 
strate,  the  biaxial  tensile  strain  reduces  the  cubic 
symmetry  of  the  layer  and,  thus,  lifts  the  degener¬ 
acy  of  the  conduction-band  edge.  In  this  configu¬ 
ration,  the  energy  of  the  two  valleys  with  trans¬ 
verse  effective  mass  parallel  to  the  interface  is 
lowered,  while  the  other  four  are  raised  in  accor¬ 


dance  with  the  respective  deformation  potentials. 
The  situation  is  reminiscent  of  the  electric-field- 
confined  inversion  layers  [5]  with  electron  sub¬ 
bands  E0  (lower  subband)  and  E0>,  except  the 
splitting  can  be  much  greater.  Assuming  the  lat¬ 
tice  constant  of  the  alloy  can  be  linearly  interpo¬ 
lated  according  to  its  composition,  the  E0  and 
E0'  subband  splitting  for  the  strained  Si  layer  on 
the  alloy  substrate  is  shown  in  Fig.  2.  Here, 
eT  =  exx  ~  ezz  is  the  total  strain  (where  z  is  the 
growth  direction),  given  by  the  lattice  mismatch 
and  Poisson’s  ratio.  A  theoretically  derived  uniax¬ 
ial  deformation  potential  by  Van  de  Walle  and 
Martin  [6],  Hu  =  9.3  eV,  is  used  for  the  strained 
conduction-band  splitting,  x  is  the  Ge  atomic 
fraction  of  the  alloy.  The  initial  splitting  of  10-20 
meV  at  x  =  0  is  due  to  confinement  of  the  inver¬ 
sion  layer  at  the  interface.  For  x  =  0.3,  as  the 
most  of  the  samples  described  here,  the  splitting 
is  about  220  meV.  Since  the  conduction-band 
edge  of  the  unstrained  SiGe  alloy  nearly  coin- 


a 


b 

Fig.  1.  Cross-sectional  images  of  SiGe  on  Si  heterostructures.  Samples  are  grown  by  UHV-CVD.  SiGe  alloy  is  the  top-most  layer 
for  each  micrograph,  (a)  Uniform  layer  containing  25%  Ge;  dense  lines  of  threading  dislocation  are  clearly  shown,  (b)  Graded  layer 
where  the  Ge  composition  varies  linearly  from  0%  to  25%  throughout  the  film.  No  visible  dislocation  in  the  top  layer  is  seen. 
(Courtesy  of  F.K.  Le  Goues.) 
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x  Ge 

Fig.  2.  Conduction-band  splitting  for  a  fully  strained  (100)Si 
on  SiGe.  x  is  the  atomic  fraction  of  Ge.  The  conduction-band 
deformation  potential  of  9.3  eV  and  a  Poisson’s  ratio  of  0.28 
are  used  here.  The  initial  splittings  at  x  =  0  are  the  confine¬ 
ment  energies  for  the  respective  subband. 


Fig.  3.  A  typical  temperature  dependence  of  channel  Hall 
mobility  and  carrier  concentration.  The  excess  carriers  above 
100  K  are  due  to  residual  dopants  in  the  modulation-doping 
region. 


cides  with  that  of  the  unstrained  Si  [5],  the  poten¬ 
tial  barrier  for  the  E0  subband  should  be  about 
160  meV,  depending  upon  the  exact  conduction- 
band  alignment  in  the  strain-free  case.  This 
strain-induced  off-set  allows  for  accumulating  and 
confining  electrons  in  the  E0  subband  with  E0r 
subband  sufficiently  high  in  energy  to  suppress 
inter-subband  scattering,  even  at  room  tempera¬ 
ture.  To  date,  the  room  temperature  mobilities  of 
1800-2000  cm2  V-1  s"1  [7,8],  higher  than  the  of 
phonon-scattering-limited  mobility  of  bulk  Si, 
were  reported. 


out  illumination  for  this  sample  is  about  4.3  X  10 11 
cm-2.  Room- temperature  mobility  is  about  2000 
cm2  V'1  s”1. 


4.  Magnetotransport 

Magnetotransport  shows  all  the  well-known  E0 
subband  characteristics  of  (100)Si  inversion  lay¬ 
ers.  However,  because  of  its  superior  mobility, 
much  more  detailed  structures  show  up  at  rela¬ 
tively  lower  magnetic  fields  compared  with  its 
MOSFET  counterpart.  Fig.  4  shows  the  longitu- 


3.  Sample  characterization 

The  Si  layer  is  modulation-doped  in  a  symmet¬ 
rically  clad  SiGe  cap  layer  with  suitable  spacer 
and  dopants.  The  alloy  layer  adjacent  to  the  Si 
substrate  is  linearly  graded  to  30%  Ge  mole 
fraction,  and  then  a  buffer  layer  up  to  1.5  fim 
with  this  Ge  content  is  grown  prior  to  the  Si 
deposition.  Details  of  the  sample  structures  are 
described  elsewhere  [7-9].  The  2D  carrier  con¬ 
centration  as  a  function  of  spacer  thickness  is 
consistent  with  a  charge- transfer  model  for  a  160 
meV  barrier.  A  typical  temperature-dependent 
Hall  mobility  of  a  sample  with  15  nm  spacer  is 
shown  in  Fig.  3.  The  carrier  concentration  with- 


B  (T) 

Fig.  4.  Magnetoresistances  at  0.35  K  for  the  sample  in  Fig.  3. 
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dinal  and  Hall  resistivities  of  the  same  sample  as 
in  Fig.  3  at  0.35  K.  Lifting  of  the  four-fold  degen¬ 
eracy  for  each  Landau  level,  two  for  spin  and  two 
for  valley,  is  well  resolved  at  relatively  low  fields. 
Temperature  dependence  of  the  the  SdH  oscilla¬ 
tion  amplitude  at  low  field  gives  an  in-plane 
effective  mass  of  0.2m0,  as  expected  for  this 
subband.  Tilted  field  experiments  [10]  indicate 
that  the  magnetic  field  filling  factor  v  —  2,  6,  10, 
are  due  to  spin  splitting.  For  this  sample,  the 
coincident  spin  of  adjacent  Landau  levels  occurs 
at  a  magnetic  field  tilt  angle  of  69  degrees,  which 
implies  a  many-body  exchange-interaction-en¬ 
hanced  g  factor  of  3.6,  surprisingly  close  to  that 
found  in  MOSFET  samples  at  the  same  carrier 
concentration  [10],  considering  the  qualitative  dif¬ 
ferences  in  the  sample  configuration  and  in  scat¬ 
tering  rates.  The  valley  splitting,  characterized  by 
the  odd  filling  factors,  can  be  resolved  at  about  2 
T.  The  integer  quantum  Hall  plateaus  promi¬ 
nently  appear  at  even  filling  factors.  At  the  mag¬ 
netic  field  B  =  13.2  T,  corresponding  to  the  hy¬ 
brid  fractional  filling  factor  4/3,  a  clear  pxy  = 
3/4 (hc/e2)  plateau  and  a  corresponding  pxx  dip 
are  observed.  There  are  also  some  structures 
between  v  =  2  and  4/3  whose  origin  cannot  be 
identified. 

In  Fig.  5  is  shown  the  magnetoresistance  for 
another  sample  with  electron  concentration  3.6  X 
1011  cm-2,  but  lower  mobility.  The  v  —  2/3 


Fig.  5.  Magnetoresistances  of  a  sample  with  carrier  concentra¬ 
tion  3.6 xlO11  cm-2.  (Work  done  at  the  National  Magnetic 
Lab.) 


FQHE  at  B  =  23.5  T  is  clearly  discerned  for  the 
first  time  in  this  system.  However,  the  expected 
v  =  4/3  state  at  10.5  T  cannot  be  unambiguously 
identified,  probably  due  to  low  mobility  and  lower 
corresponding  magnetic  field  compared  with  the 
sample  in  Fig.  4. 

Activation  energies  A  for  the  ^  =  4/3,  2/3 
and  the  2/3  states  for  the  samples  shown  in  Figs. 
4  and  5,  respectively,  were  measured  by  their 
temperature-dependent  pxx  in  the  form  of 
exp(-A/2T).  For  the  high-mobility  sample,  the 
activation  energy  for  v  —  4/3  and  2/3  states  are 
about  0.9  K  at  13.5  T  and  1.2  K  at  27  T,  respec¬ 
tively.  For  the  low-mobility  sample,  the  activation 
energy  of  the  v  =  2/3  state  is  1  K  at  22.5  T. 
These  low  activation  energies  are  to  be  compared 
with  the  values  of  4-5  K  reported  for  the  high 
mobility  ((2-5)  XlO6  cm2  V”1  s”1)  and  8-9  K 
for  the  super-high  mobility  (over  107)  GaAs/Al- 
GaAs  heterostructures  [11].  As  the  activation  en¬ 
ergy  is  a  measure  of  the  mobility  gap  of  these 
many-body  coulomb-interaction  ground  states,  it 
is  not  surprising  that  low  mobility  reflects  greater 
level  broadening,  regardless  of  the  nature  of  the 
intrinsic  gap  and  the  broadening  mechanisms. 


5.  Scattering 

It  is  well  known  that  the  electron  mobility  is 
governed  by  the  scattering  relaxation  time.  Only 
large-angle  back-scattering  events  significantly 
degrade  the  mobility.  On  the  other  hand,  the 
purity  of  a  quantum  coherent  state  is  governed  by 
the  single-particle  relaxation  time  which  includes 
all  the  phase-breaking  scattering  events.  Thus,  it 
involves  quantum-mechanical  transition  rates  over 
all  the  angles.  In  the  Si  MOSFET,  these  two 
characteristic  times  are  nearly  equal  [12],  and  this 
is  taken  as  evidence  of  a  short-range-scattering- 
dominated  regime.  In  a  high-quality  modulation- 
doped  sample  such  as  the  GaAs/AlGaAs  struc¬ 
tures,  however,  remote  ion  scattering  is  consid¬ 
ered  to  be  long  range.  The  ratio  between  scatter¬ 
ing  relaxation  time  rt  and  single-particle  relax¬ 
ation  time  rs  is  considerably  greater  than  unity 
[12,13].  Das  Sarma  and  Stern  have  shown  that  in 
an  ideal  condition,  this  ratio  depends  strongly  on 
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the  spacer  thickness  [14].  For  this  reason,  it  may 
be  used  as  a  measure  for  the  short-range  scatter¬ 
ing  in  the  2D-carrier  channel  region.  Experimen¬ 
tally,  the  scattering  relaxation  time  is  obtained 
directly  from  mobility.  The  single-particle  relax¬ 
ation  time  is  obtained  by  fitting  the  reciprocal 
magnetic  damping  at  low  fields  of  the  SdH  oscil¬ 
lation  amplitude  [12],  which  has  the  form 
P  exp(  — 7t/gjcts)  where  (oc  =  eB/m  is  the  cy¬ 
clotron  frequency.  P  is  an  appropriate  pre-ex¬ 
ponential  factor,  given  in  this  case  by  £/sinh£, 
where  £  =  27r2kBT/h(oc  [15,12,16]. 

Data  of  this  kind  from  various  laboratories 
vary  greatly,  yielding  ratios  ranging  from  11-26 
from  the  Munich  group  [5];  4  from  the  Bell  group 
[17],  and  4-11  from  the  IBM  group  [18].  Except 
for  the  high  value  of  26,  these  measured  ratios 
are  reasonably  consistent  with  a  recent  model 
calculation  of  Stern  and  Laux  [19],  assuming  10 14 
cm-3  background  acceptor  density,  10 10  cm-2 
interface  charges,  and  interface-roughness  pa¬ 
rameters  rms  height  A  and  lateral  correlation 
length  A  equal  to  1  and  20  nm,  respectively.  The 
low-temperature  mobilities  for  all  the  samples 
reported  above  were  about  (1-2)  X  105  cm2  V-1 
s"1.  The  large  difference  in  the  ratio  must  be 
caused  by  great  variations  in  the  long-range  scat¬ 
tered.  For  instance,  the  non-uniform  or  gradual 
dopant  concentration  near  the  spacer  edge,  resid¬ 
ual  impurities  inside  the  spacer  region,  etc. 


6.  Low-temperature  mobility 

A  typical  temperature-dependent  mobility  at 
low  temperature  is  shown  in  Fig.  6.  The  negative 
temperature  coefficient  could  in  part  be  at¬ 
tributed  to  phonon  scattering.  The  quantitative 
dependence  must  be  sensitive  to  a  combination  of 
all  other  type  of  scattering  with  comparable  rates. 
Recent  model  calculations  reported  by  Stern  and 
Laux  [19]  indeed  show  a  variety  of  dependences 
by  blending  suitable  parameters  associated  with 
different  scattering  mechanisms.  Fig.  7  shows 
some  experimental  reciprocal  mobility  data  fitted 
by  such  calculations  [20].  The  slopes  of  the  exper¬ 
imental  data  suggest  the  mobility  of  the  examined 
samples  are  limited  by  surface-roughness  scatter- 


Fig.  6.  A  typical  temperature-dependent  Hall  mobility  at  low 
temperature  showing  a  pronounced  negative  temperature  co¬ 
efficient. 

ing  with  rms  height  smaller  than  0.8  nm  and 
lateral  correlation  length  about  1  nm.  The  data 
also  suggest  that  interface  charge  is  probably 
smaller  than  10 10  cm"2,  which  is  a  typical  num¬ 
ber  for  a  good  MOSFET  sample.  A  background 
acceptor-impurity  density  of  10 14  cm"3  is  as¬ 
sumed  in  the  calculation. 

In  an  unpublished  report,  Ming  et  al.  [21] 
described  some  microscopic  structures  of  the  in¬ 
terfaces  in  SiGe/Si  heterostructures  revealed  by 
a  grazing-incidence  X-ray  scattering  technique. 
They  found  that  the  rms  height  is  around  0.5  nm, 
reasonably  consistent  with  that  implied  for  the 


Fig.  7.  Experimental  reciprocal  mobility  data  for  samples  with 
15  nm  spacer  fitted  with  a  model  calculation  of  Stern  and 
Laux.  The  background  acceptor  impurity  and  interface-charge 
densities  are  1014  cm"3  and  1010  cm-2,  respectively.  (See 
text.) 
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data  in  Fig.  7.  However,  they  also  reported  a 
lateral  correlation  length  of  70  nm  which  is  much 
larger  than  the  transport  data  implied.  Since  their 
samples  are  strained  SiGe  layers  grown  on  (100)Si 
substrate  by  MBE,  the  comparison  is  certainly 
not  relevant  at  this  point.  It  would  be  very  inter¬ 
esting  and  desirable  if  such  microscopy  could  be 
performed  on  the  samples  for  which  the  transport 
measurements  have  been  carried  out. 

Within  the  scattering  mechanisms  considered 
in  the  model  calculation,  the  data  fitting  seems  to 
suggests  that  the  currently  observed  mobilities  of 
(1-2)  X  105  cm2  V  1  s  1  from  various  laborato¬ 
ries  with  different  methods  are  likely  limited  by 
the  background  impurities  in  the  Si  inversion 
layer,  the  interface  charge  and  the  spacer  dis¬ 
tance.  Surface  roughness  plays  a  prominent  role, 
further  degrading  the  mobility  beyond  the  impu¬ 
rity  and  interface-charge-scattering  limits.  It 
would  be  interesting  to  have  a  gated  structure  to 
test  the  relative  importance  of  the  fixed-charge 
and  surface-roughness  scattering  by  varying  the 
surface  field  and  2D  electron  density. 

7.  Conclusions 

Strained  Si  on  strain-relieved  SiGe  has  shown 
significant  improvement  in  the  transport  proper¬ 
ties.  The  room-temperature  mobility  enhance¬ 
ment  resulting  from  large  subband  splitting  is  of 
particular  interest  in  the  Si-based  technology. 
With  the  mobility  of  up  to  2  X  105  cm2  V-1  s-1, 
valley  splitting  is  observed  at  relatively  low  mag¬ 
netic  fields.  FQHE  plateaus  are  observed  at  v  — 
2/3  and  4/3.  Temperature  dependence  of  the 
electron  mobility  suggests  that  the  fixed-charge 
scattering  limits  the  present  samples.  It  appears 
that  in  order  to  improve  the  mobility  further, 
background  impurities  and  the  interface  charge 
density  need  to  be  reduced.  Surface  roughness 
scattering  should  play  an  important  role  when 
more  carriers  are  induced  by  field  effect. 
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Abstract 

We  report  magnetotimneling  measurements  on  strained  p-Si/Si^Ge^  double-barrier  resonant  tunneling 
structures  in  fields  up  to  30  T.  In  the  I(V,  B^)  characteristics  of  the  first  heavy-hole  peak  we  observe  satellite 
resonances  corresponding  to  tunneling  with  =  1  and  An  =  2  changes  in  Landau  index  n.  The  relative  intensity  of 
the  satellite  peaks  excludes  scattering  as  a  possible  mechanism  and  we  attribute  the  An  =  1,  2  peaks  to  elastic 
tunneling  made  possible  by  Landau  level  mixing.  The  observed  strong  An  =  2  mixing  could  arise  from  the  large 
E(k  ±)  anisotropy  in  the  Sij^Ge^  quantum  well,  which  we  probe  by  I(V ,  B  ±)  measurements.  From  the  shifts  in  the 
heavy-hole  peak  with  in-plane  B  ±  orientation  we  find  that  at  large  k  ±  the  in-plane  mass  varies  strongly  between  the 
(110)  (heavy)  and  <100)  (light)  crystallographic  directions. 


Resonant  magnetotunneling  in  double-barrier 
resonant  tunneling  structures  (DBRTS)  has  be¬ 
come  a  powerful  technique  for  probing  two-di¬ 
mensional  (2D)  subband  states  in  quantum  wells. 
If  the  tunneling  carriers  are  described  by  a  single, 
isotropic,  parabolic  band,  like  electrons  in  III-V 
heterostructures,  the  effects  of  a  magnetic  field 
parallel  (B^)  and  transverse  (B ±)  to  the  tunneling 
direction  are  well  understood.  In  a  field,  the 
states  are  constrained  into  evenly  spaced  Landau 
levels  with  in-plane  harmonic  oscillator  wavefunc- 
tions  cf>n(r  1).  The  energy  E  and  transverse  mo¬ 
mentum  kx  conservation  rules  that  govern  tun¬ 
neling  from  the  emitter  into  the  well  at  B  =  0  [1] 
are  transformed  into  the  conservation  of  E  and 
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Landau  index  n  [2,3].  As  Landau  levels  succes¬ 
sively  align,  the  peak  acquires  a  weak  staircase¬ 
like  structure  [3],  but  in  the  absence  of  scattering 
or  LO-phonon  emission  [4]  cannot  produce 
any  structure  in  I(V ,  B^)  beyond  the  resonant 
peak.  Conversely,  in  a  B  ±  field,  the  energies  and 
densities  of  states  of  the  2D  subbands  in  the  well 
are  not  strongly  affected  if  the  magnetic  length  is 
larger  than  the  well  width  W.  The  main  B ±- 
induced  effect  is  the  peak  broadening  and  shift¬ 
ing  to  higher  bias  due  to  the  A k ±  =  eB x(z)/h 
change  in  k  L  as  the  carrier  tunnels  a  distance 
(z)  from  the  emitter  into  the  well  [5,6].  If  the 
in-plane  dispersion  E(k  x)  is  isotropic,  the  peak 
shift  AK  is  obviously  independent  of  B  x  orien¬ 
tation  in  the  plane;  from  E  and  k  ±  conservation 
A V~B\  [5-7]. 

If  the  tunneling  carriers  cannot  be  described 
by  a  parabolic  band,  as  in  the  case  of  p-type 
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III-V  [8,9]  and  Si/Si^Ge,  [10,11]  DBRTS, 
magnetic  field  effects  are  more  complex.  Hole 
states  in  quantum  wells  belong  to  interacting 
heavy-hole  (HH)  and  light-hole  (LH)  bands  with 
nonparabolic  and  anisotropic  dispersion;  there 
are  additional  strain-induced  complications  in 
Si/Sil_xGex  structures.  We  have  measured 
I{V ,  B{])  to  elucidate  the  valence  band  HH  Lan¬ 
dau  level  structure  and  I(V,  B  to  probe  the 
in-plane  valence  band  anisotropy  of  strained 
Si^Ge^.  quantum  wells.  In  I(V,  B^)  characteris¬ 
tics  we  find  strong  Landau  index-nonconserving 
satellite  peaks  in  the  first  heavy-hole  (HH0)  reso¬ 
nance,  which  we  interpret  as  the  first  observation 
of  Landau  level  mixing  [12-14]  in  transport.  In 
the  I(V,  B  ±)  data  we  find  a  strong  dependence 
of  peak  bias  on  B  ±  orientation  with  respect  to 
crystallographic  axes:  in  the  HH0  subband  the 
in-plane  mass  ra*  is  heavy  along  the  (110)  and 
light  along  the  (100)  axes. 

Our  p-Si/Si1_xGcx  DBRTS  were  grown  by 
atmospheric  pressure  CVD,  with  50  A  Si  barriers 
cladding  the  Si0  75Ge0  25  wells  of  thickness  W=  35 
and  23  A,  and  the  double-barrier  structure  in 
turn  surrounded  by  graded  Sij.^Ge^.  emitter  and 
collector  regions  (see  Ref.  [15]  for  details  of  the 
sample  design  and  growth).  The  calculated 
DBRTS  band  diagram  of  the  W  =  35  A  device 
under  bias  is  shown  in  Fig.  la;  the  zero-field  I(V) 
characteristics  of  the  two  structures  at  T  =  4.2  K 


are  shown  in  Fig.  lb.  Since  the  heavy-light  hole 
strain  splitting  in  Si0  75Ge0  25A£  «  40  meV  »  kT , 
only  the  heavy-hole  states  are  occupied  in  the 
emitter,  and  the  I(V)  curves  exhibit  resonant 
peaks  corresponding  to  the  tunneling  of  emitter 
heavy  holes  into  the  HH0  and  LH0  subbands  in 
the  well.  The  peak-to-valley  ratios  are  high  for 
p-type  DBRTS,  reaching  4: 1  for  LH0  peaks.  The 
expected  threshold  and  peak  voltages  for  the 
resonances  are  also  shown  in  Fig.  lb:  we  em¬ 
ployed  interpolated  SiGe  valence  band  parame¬ 
ters  to  calculated  the  energies  of  the  HH0  and 
LH0  subbands;  assumed  the  same  parabolic 
E(k  ±)  for  the  emitter  and  the  HH0  subband; 
took  the  LH0  subband  to  be  dispersionless  [16]; 
and  applied  the  standard  E  and  k  ±  conservation 
rules  [1].  Even  in  this  naive  model  the  agreement 
between  the  calculated  and  measured  HH0  peak 
positions  is  excellent.  For  the  LH0  peak  the 
agreement  is  poor  and  a  proper  calculation  of  the 
LH0  dispersion  is  clearly  necessary. 

The  /(F,  2?(j)  characteristics  of  the  HH0  peak 
in  the  W  =  35  A  DBRTS  for  increasing  up  to  30 
T  are  shown  in  Fig.  2.  While  the  main  HH0  peak 
position  remains  nearly  unchanged  at  Vp  =  140 
mV,  already  at  =  7.5  T  a  weak  shoulder  ap¬ 
pears  at  higher  bias.  As  increases,  this  shoul¬ 
der  develops  into  a  strong  satellite  that  shifts  to 
higher  F  and  dominates  the  main  peak  when 
B^  =  30  T,  while  for  B^  >  20  T  another,  weaker 


Fig.  1.  (a)  Calculated  potential  distribution  of  W=  35  A  DBRTS  under  bias  V  =  140  mV,  with  schematic  E(k  ±)  dispersion  in  the 
emitter  and  the  HH0  2D  subband  (occupied  emitter  states  are  hatched),  (b)  Tunneling  I(V,  B  =  0)  characteristics  at  T=4.2K  of 
structures  with  W  —  23  and  35  A.  Arrows  show  the  calculated  threshold  and  peak  voltages  for  the  HH0  and  LH0  peaks. 
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V  (V) 

Fig.  2.  I(V ,  By)  characteristics  at  T  =  4.2  K  of  the  W  =  35  A 
structure  at  B y  =  7.5,  15,  20  and  30  T  (curves  displaced  by  6 
|jl A  for  clarity).  Solid  (Art  =  2)  and  open  (A/t  =  1)  arrows 
mark  the  Landau  index  nonconserving  peaks. 

satellite  feature  appears  in  between.  The  W  =  23 
A  structure  exhibits  analogous  behavior,  with  a 
stronger  and  a  weaker  satellite  peaks  shifting  to 
higher  bias  with  increasing  Bp 

The  main  and  satellite  peak  positions  of  the 
HH0  lineshape  are  summarized  in  Fig.  3.  Since 
the  satellite  peaks  occur  at  higher  bias  than  the 
main  HH0  peak,  they  must  arise  from  Landau 
index-nonconserving  processes.  From  the  By-in- 


Fig.  3.  Bias  positions  of  the  main  (triangles)  and  satellite 
(An  =  1,  open  circles;  Art  =  2,  filled  circles)  peaks  versus  B^. 
At  right  is  the  calculated  energy  scale  of  the  Landau  spectrum 
for  the  W  =  35  A  device;  the  zero  of  energy  is  arbitrarily  set  to 
the  HH0  peak  position  at  =  0. 


duced  shifts  in  satellite  peak  positions,  we  at¬ 
tribute  the  stronger  satellite  to  An  =  2  tunneling 
and  the  weaker  satellite  to  Arc  =  1  tunneling.  A 
possible  mechanism  for  these  index-nonconserv¬ 
ing  peaks  is  scattering,  which  was  invoked  by 
Schuberth  et  al.  [17]  to  explain  weak  features 
observed  in  the  conductance  of  the  LH0  peak  in 
similar  p-Si/Si^^Ge^  DBRTS.  Yet  the  strength 
of  the  An  —  2  satellite,  which  exceeds  the  main 
peak  at  high  Bp  together  with  the  relative  weak¬ 
ness  of  the  An  =  1  satellite  make  a  scattering 
mechanism  unlikely.  Although  interface  and  im¬ 
purity  scattering  can  relax  k  ±  conservation  or, 
equivalently,  Landau  index  conservation  [17],  it  is 
unlikely  to  produce  satellite  peaks  comparable  in 
strength  to  the  main,  index-conserving  peak. 
Moreover,  the  An  =  1  satellite  is  much  weaker 
than  An  =  2,  although  the  required  change  in  k  ± 
for  An  =  2  tunneling  is  much  larger  if  scattering 
is  responsible.  Consequently,  instead  of  scatter¬ 
ing-assisted  tunneling,  we  interpret  our  data  in 
terms  of  valence  band  Landau  level  mixing,  which 
allows  An  #  0  tunneling. 

Essentially,  our  DBRTS  in  a  B^  field  is  de¬ 
scribed  by  an  effective  4x4  Hamiltonian  HtJ  in 
the  |  Jnij)  basis  [12-14]:  7  =  3/2;  the  quantiza¬ 
tion  axis  is  z  ||  Bp  i,  j  =  1,  2,  3,  4  label  the  states 
nij  =  3 /2,  1/2,  -  1  /2,  -  3/2  in  that  order;  uniax¬ 
ial  strain  contributes  only  to  diagonal  elements 
Hu  and  splits  the  1 3/2  +  3/2)  (HH)  and  |3/2  + 
1/2)  (LH)  bands  by  Ae  [13].  In  a  magnetic  field, 
all  Hij  elements  can  be  expressed  in  terms  of 
harmonic  oscillator  raising  and  lowering  opera¬ 
tors  a  and  a+ .  If  the  anisotropy  term  (y3  -  y 2)a2+ 
is  ignored  in  the  Hamiltonian,  the  four-compo¬ 
nent  Landau  level  eigenfunctions  can  be  writ¬ 
ten  as  a  superposition  of  harmonic  oscillator 
wavefunctions  <l>n(r  ±)  [12,14]: 

tl/"bh 
T  n 

(1) 

where  £lVl(z)  are  linear  combinations  of  products 
c/z)|  J  nij),  with  c/z)  determined  by  the  bound¬ 
ary  conditions  on  tT„.  The  diagonal  Hu  terms 
have  the  form  (aa  +  +  1/2)  and  would  give  rise  to 
separate  sets  of  heavy  and  light-hole  Landau  lev- 
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els  with  linear  dependence,  while  the  off-diag¬ 
onal  terms  cause  Landau  level  mixing.  The  rele¬ 
vant  terms  for  An  =  2  level  mixing  are  Hl3  ~  (y3 
+  y2)a2  +  (y3  -  y2)a2+;  for  An  =  1  mixing  they 
are  H12~kza  [14],  These  terms  mix  oscillator 
functions  4>m(r  L)  into  the  nth  Landau  level 
wavefunctions,  where  m  =n,  n  ±  1,  n  ±2  (the 
closed  form  wavefunction  (1)  is  no  longer  valid 
when  the  anisotropy  term  is  included,  but  (f)n(r  ±) 
remain  the  basis  from  which  the  Landau  level 
are  constructed).  In  a  bulk  crystal  the  common 
<f)m  of  different  Landau  levels  are  multiplied  by 
different  orthogonal  |  J  ntj)  functions,  making  n 
a  constant  of  motion,  but  in  a  DBRTS  the  bound¬ 
ary  conditions  at  the  barrier  interfaces  [14]  make 
£itn(z)  nonorthogonal  at  different  z,  allowing 
elastic  tunneling  from  emitter  to  well  between 
Landau  levels  with  An  =  1,2. 

The  /(F,  5„)  curves  of  Fig.  2  make  it  possible 
to  obtain  the  separation  between  Landau  levels 
by  converting  the  voltage  splitting  between  the 
main  and  satellite  peaks  into  an  energy  scale,  as 
done  in  Fig.  3  for  the  W  =  35  A  device.  At  low 
and  moderate  B^  the  An  =  2  peak  shifts  linearly 
with  Br  If  we  take  this  energy  separation  as  a 
measure  of  heavy-hole  in-plane  mass  we  obtain 
m*  =0.29  +  0.04,  heavier  than  predicted  by  in¬ 
terpolated  valence  band  parameters,  but  in 
agreement  with  recent  cyclotron  resonance  mea¬ 
surements  on  Sij.^Ge^  quantum  wells  [18]. 

Without  a  true  calculation  of  the  mixed  Lan¬ 
dau  level  wavefunctions  (1)  in  the  quantum  well 
our  understanding  of  the  relative  strength  of  the 
An  #  0  satellite  peaks  remains  qualitative.  From 
the  data  in  Fig.  2,  we  find  that  mixing  with 
An  =  1  is  about  an  order  of  magnitude  weaker 
than  An  =  2.  The  weakness  of  An  =  1  satellite  is 
consistent  with  the  relevant  H12  ~  kza  term,  since 
the  resonant  peaks  occur  when  the  2D  subbands 
are  nearly  aligned  with  the  top  of  the  band  in  the 
emitter  (see  Fig.  la),  so  kz  is  small  [1].  The 
strong  An  =  2  mixing  we  observe  could  imply  a 
strong  in-plane  anisotropy  described  by  the  (y3  — 
y2)a2+  term,  especially  since  An  =  2  tunneling 
was  not  observed  in  III-V  DBRTS  [9].  We  tested 
this  hypothesis  by  performing  I(V,  B  x)  measure¬ 
ments  versus  in-plane  B±  orientation,  analo¬ 
gously  to  the  earlier  study  by  Gennser  et  al.  [19] 


Fig.  4.  I(V,  Bx  =  25  T)  HH0  peak  of  the  W=  35  A  DBRTS 
versus  angle  <f>  between  B±  and  the  <100)  axis  (curves 
displaced  for  clarity).  Inset  contains  the  measurement  geome¬ 
try. 


who  reported  B  ±  orientation  dependence  of  peak 
positions  in  MBE-grown  Si/Sil_xG&x  DBRTS. 

Fig.  4  shows  the  strong  variation  in  the  HH0 
peak  as  a  function  of  the  angle  (j)  between  B  ±  = 
25  T  and  the  (100)  axis  in  the  W  =  35  A  DBRTS, 
together  with  the  measurement  geometry  (inset). 
The  B  ±  -induced  peak  shift  AV  varies  from  AV 
«  110  mV  when  <f>  =  0°  (5  J<100>  axis)  to  AV¬ 
IS  mV  when  </>  =  50°  (B  ±  ||  <110».  The  observed 
anisotropy,  which  is  summarized  for  the  W  =  35 
A  structure  in  Fig.  5,  follows  the  crystal  symme¬ 
try,  with  the  largest  AV  occurring  whenever  B  ± 
is  aligned  with  a  (100)  axis.  By  the  simple  geo¬ 
metrical  construction  in  the  inset  of  Fig.  5,  show¬ 
ing  schematically  the  states  that  can  tunnel  con¬ 
serving  E  and  k±,  assuming  parabolic  E(k  ±) 
dispersion  with  different  curvature  (different  m* ) 
along  (100)  and  (110),  we  immediately  find  that 
the  effective  heavy-hole  mass  m  *  away  from  the 
k  =  0  band  edge  is  markedly  heavier  along  the 
(110)  than  the  (100)  axes.  Due  to  band  non- 
parabolicity  further  calculations  are  required  to 
convert  magnetotunneling  data  into  real  disper¬ 
sion  curves,  but  the  E(k  ±)  constant  energy  con¬ 
tour  obtained  by  converting  A K(</>)  into  an  en¬ 
ergy  scale  is  consistent  with  the  m*  ~  0.29  result 
obtained  from  /(K,  B x)  measurements  that  aver¬ 
age  over  all  k ±. 
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Fig.  5.  HH0(>peak  position  Vp  versus  (ft  for  B±  =  20,  25,  30  T 
in  W  -  35  A  DBRTS.  Inset,  schematic  alignment  of  emitter 
and  HH0  states  with  parabolic  E(k  x)  of  different  curvatures 
for  two  crystallographic  directions.  States  that  can  tunnel 
elastically  are  shown  in  boldtype. 

In  conclusion,  we  have  experimentally  ob¬ 
served  satellite  peaks  in  the  heavy- hole  I(V,  B^) 
characteristics  of  Si/Si1_xGcx  DBRTS  due  to 
index-nonconserving  tunneling  between  Landau 
levels  that  cannot  be  attributed  to  scattering.  We 
attribute  these  index-nonconserving  peaks  to 
strong  Landau-level  mixing  and  use  the  data  to 
map  out  the  energy  spacing  between  Landau 
levels  in  strained  Sij.^Ge^  quantum  wells.  A 
possible  explanation  for  the  surprising  strength  of 
the  Aw  =2  level  mixing  is  the  large  in-plane 
anisotropy  of  Sij.^Ge^,  which  we  measured  using 
I(V ,  B ±)  magnetotunneling  as  a  function  of  B ± 
orientation  in  the  plane.  We  find  the  HH0  sub¬ 
band  to  be  highly  anisotropic,  with  significantly 
smaller  E(k  ±)  curvature  (heavier  in-plane  mass) 
in  the  (110)  direction. 
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Abstract 

The  electron  mobility  limited  by  scattering  from  optical  phonons  is  calculated  for  quantum  wells  with  several  thin 
barrier  layers  being  inserted.  The  barrier  insertion  leads  to  a  wavefunction  modulation  which  enhances  the  mobility 
as  long  as  it  does  not  cause  extra  intersubband  scattering.  The  dependence  on  the  barrier  height  and  the  number  of 
inserted  layers  is  studied  systematically. 


1.  Introduction 

At  room  temperature,  the  mobility  in  polar 
semiconductors  such  as  GaAs  is  limited  by  scat¬ 
tering  from  optical  phonons.  Reduction  of  the 
scattering  strength  is  highly  desirable  for  device 
applications  and  its  possibility  has  been  explored 
for  many  years.  It  is  also  one  of  the  most  chal¬ 
lenging  subjects  in  semiconductor  physics.  The 
purpose  of  this  paper  is  to  examine  effects  of 
wavefunction  modulation  on  the  mobility  in 
GaAs/AlAs  quantum  wells. 

There  can  be  two  ways  in  changing  the  elec¬ 
tron-phonon  interaction  in  polar  semiconduc¬ 
tors.  One  is  modification  of  phonon  modes  in 
heterostructures.  In  fact,  optical  phonons  are 
known  to  be  strongly  modified  by  the  presence  of 
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heterointerfaces  [1].  However,  recent  reliable  cal¬ 
culations  based  on  lattice  displacements  obtained 
in  lattice-dynamical  calculations  have  given  a  dis¬ 
appointing  result  that  the  scattering  strength  is 
essentially  independent  of  such  phonon  modifica¬ 
tion  [2-5]. 

Another  possible  way  to  reduce  scattering 
strength  is  a  modulation  of  electron  wavefunc¬ 
tion.  In  fact,  the  scattering  strength  is  character¬ 
ized  by  the  form  factor  for  interaction  with 
phonons  determined  by  the  electron  wavefunc¬ 
tion  along  the  direction  perpendicular  to  the  layer. 
Because  of  the  long-range  Coulombic  nature  of 
the  interaction,  this  form  factor  decreases  rapidly 
with  the  decrease  of  the  electron  wavelength.  The 
mobility  can  be  enhanced,  therefore,  if  the  elec¬ 
tron  wavefunction  has  an  appreciable  amount  of 
short-wavelength  components. 

In  this  paper,  we  calculate  the  electron  mobil¬ 
ity  of  GaAs/AlAs  quantum  wells  with  several 
thin  barrier  layers  being  inserted  and  explore  a 
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possibility  of  mobility  enhancement  using  wave- 
function  modulation.  Its  dependence  on  the  bar¬ 
rier  height  and  the  number  of  inserted  layers  is 
calculated  systematically.  The  model  and  the 
method  are  discussed  briefly  in  Section  2,  the 
result  is  presented  in  Section  3,  and  a  short 
summary  is  given  in  Section  4. 


2.  Wavefunction  modulated  single  quantum  well 

We  consider  GaAs/AlAs  single  quantum-well 
(SQW)  structures  with  thin  AlGaAs  barrier  layers 
being  inserted  in  the  GaAs  well  region.  This  will 
be  denoted  as  wavefunction  modulated  SQW  or 
WFMSQW(A)  with  N  being  the  number  of  in¬ 
serted  AlGaAs  layers.  The  thickness  of  each  bar¬ 
rier  layer  inserted  with  equal  spacing  is  chosen  as 
4  monolayers  or  11.3  A  and  the  band  discontinu¬ 
ity  of  the  conduction-band  bottom  of  GaAs  and 
AlAs  is  assumed  to  be  800  meV. 

A  typical  example  of  the  band  diagram  and  the 
wavefunction  of  the  ground  subband  for  an  SQW 
and  a  WFMSQW(3)  with  three  inserted  barriers 

o 

is  given  in  Fig.  1.  The  total  thickness  is  d  =  124  A 
and  the  height  of  the  barrier  potential  is  chosen 
as  800  and  400  meV.  The  wavefunction  in  WFM- 
SQW  is  modulated  from  that  in  SQW  and  the 


Fig.  1.  Band  diagram  and  wavefunctions  of  the  lowest  sub¬ 
band  of  SQW  (solid  line)  and  WFMSQW  (dashed  line  for  the 
barrier  height  800  meV  and  dotted  line  for  400  meV)  with 
layer  thickness  124  A.  Three  thin  barriers  are  inserted  in  the 
WFMSQW. 


modulation  amplitude  increases  with  the  barrier 
height  as  is  expected.  These  barriers  modulate 
the  electron  wavefunction  in  such  a  way  that  it 
has  an  appreciable  amount  of  short-wavelength 
components,  which  leads  to  a  mobility  enhance¬ 
ment  as  will  be  demonstrated  below. 

These  thin  barriers  also  cause  a  change  of 
subband  energies.  In  fact,  the  energy  of  a  sub¬ 
band  whose  wavefunction  does  not  have  nodes  at 
the  position  of  barriers  is  raised  by  the  barrier 
insertion.  This  causes  a  bunching  of  N  +  1  sub¬ 
bands  in  the  presence  of  N  equally  spaced  barri¬ 
ers.  Thus,  the  thin  barriers  give  rise  to  extra 
intersubband  scattering  in  addition  to  the  desired 
wavefunction  modulation,  which  may  lead  to  low¬ 
ering  of  the  electron  mobility. 

Because  optical-phonon  scattering  is  dominant 
at  300  K,  we  can  neglect  other  scattering  mecha¬ 
nisms  such  as  impurities  and  acoustic  phonons. 
The  effective-mass  approximation  is  employed  for 
electronic  states  and  the  difference  in  the  effec¬ 
tive  mass  of  well  and  barrier  layers  is  neglected. 
Further,  we  consider  the  case  of  low  electron 
sheet  density  (Ns  =  2  X  1011  cm"2)  for  which  the 
band  bending  is  not  important.  We  shall  neglect 
the  screening  effect  because  of  high  phonon  fre¬ 
quency  (>36  meV),  the  low  electron  concentra¬ 
tion,  and  high  temperatures. 

We  employ  a  bulk-phonon  model  for  optical 
phonons.  In  this  model,  the  LO  phonon  of  the 
bulk  material  of  the  well  layer,  i.e.  GaAs  in  our 
structure,  is  assumed.  It  has  been  shown  in  previ¬ 
ous  papers  [3-5]  that  the  completeness  of  phonon 
modes  leads  to  the  conclusion  that  the  scattering 
rate  does  not  depend  on  details  of  individual 
phonon  modes.  In  particular,  the  bulk  phonon 
model  gives  quite  accurate  scattering  rates  for 
GaAs/ AlAs  systems  at  300  K. 

The  electron  mobility  is  calculated  in  the  re¬ 
laxation  time  approximation.  All  scattering  pro¬ 
cesses,  i.e.  intersubband  and  intrasubband  scat¬ 
tering  with  phonon  emission  and  absorption,  are 
taken  into  account.  The  relaxation  time  approxi¬ 
mation  is  known  to  give  only  a  crude  estimate  of 
the  mobility  for  scattering  from  polar-optical- 
phonons  [6],  but  is  sufficient  for  the  present  pur¬ 
pose  in  which  we  are  interested  only  in  the  rela¬ 
tive  difference  between  SQW  and  WFMSQWs. 
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Recently,  Kawamura  and  Das  Sarma  [7]  have 
shown  that  the  relaxation  time  approximation 
overestimates  the  room  temperature  mobility  only 
slightly. 

3.  Numerical  results 

The  layer-thickness  dependence  of  mobility  at 
300  K  in  SQW  and  WFMSQWs  is  shown  in  Fig. 
2.  For  WFMSQWs  the  thickness  of  mini-well 
layers  between  barriers  is  varied  in  proportion  to 
the  total  thickness  d  with  the  fixed  barrier  thick¬ 
ness.  The  mobility  of  SQW  has  a  sharp  peak  at 
d  =  136  A  and  becomes  nearly  independent  of 
the  thickness  with  small  oscillations  for  d  >  200 
A.  On  the  other  hand,  each  WFMSQW  has  two 
large  peaks.  One  is  a  sharp  peak  around  d  <  100 
A  and  the  other  is  a  broad  peak  at  d  =  271,  407, 
and  543  A,  respectively,  for  N  =  1,  2,  and  3. 

For  the  layer  thickness  smaller  than  the  first 
peaks,  the  mobility  in  WFMSQWs  is  larger  than 
that  in  SQW.  This  enhancement  is  the  result  of 
the  reduction  in  the  electron-phonon  interaction 
due  to  the  wavefunction  modulation.  The  amount 
of  the  enhancement  is  almost  independent  of  the 


Fig.  2.  Calculated  mobility  as  a  function  of  the  layer  thickness 
at  300  K  in  SQW  (solid  line)  and  WFMSQW(A0  with  varying 
N:  N=l  (dash-dotted  line),  N  =  2  (dotted  line),  and  N=3 
(dashed  line).  The  short  vertical  arrows  indicate  the  thickness 
where  condition  (3.1)  is  satisfied  for  1  =  2  and  y  *  1.5.  The 
horizontal  straight  line  denotes  the  polaron  mobility  in  bulk 
GaAs. 


number  of  thin  barriers.  This  enhancement  disap¬ 
pears  quickly  once  the  strong  intersubband  scat¬ 
tering  starts  to  play  a  role  and  the  mobility  of 
WFMSQWs  becomes  smaller  than  that  of  SQW. 

As  the  electron  distribution  is  classical,  the 
condition  for  the  appearance  of  intersubband 
scattering  due  to  LO  phonon  absorption  into  the 
subband  l  is  given  by 

fi(oho  +  ykBT~  E,-  (3.1) 

where  hww  is  the  LO-phonon  energy,  Et  is  the 
energy  at  the  bottom  of  the  Zth  subband,  1=1 
denotes  the  ground  subband,  and  y  is  a  numeri¬ 
cal  coefficient  of  the  order  of  unity.  The  thickness 
where  the  condition  (3.1)  is  satisfied  for  the  first 
excited  subband  with  y  —  1.5  is  denoted  by  short 
vertical  arrows  in  Fig.  2.  It  is  clear  that  the  peak 
thickness  corresponds  to  the  threshold  for  inter¬ 
subband  scattering.  The  peak  well-thickness  be¬ 
comes  smaller  with  the  decrease  of  N  because  of 
decreasing  E2  —  Ev 

The  mobility  at  broad  peaks  of  WFMSQWs  is 
twice  as  high  as  that  in  SQW  with  the  same  layer 
thickness  and  is  nearly  the  same  as  that  of  SQW 
at  136  A.  This  is  to  be  expected  because  mini-wells 
become  nearly  independent  of  each  other  for 
sufficiently  thick  WFMSQWs.  In  fact,  for  broad 
peaks,  the  total  thickness  can  be  obtained  by 
multiplying  the  number  of  mini-wells  to  that  of 
SQW  at  the  mobility  peak. 

Fig.  3  shows  calculated  mobility  for  WFM- 
SQW(3)  for  varying  barrier  height.  With  decreas¬ 
ing  barrier  height,  the  first  peak  in  the  small 
thickness  region  approaches  that  for  SQW  and  at 
the  same  time  the  second  peak  diminishes. 

In  Fig.  4  the  results  of  the  calculation  for  SQW 
and  WFMSQW®  at  7=120  K  are  compared 
with  the  recent  experiments  of  Zhu  et  al.  [8].  The 
theoretical  result  is  almost  one  order  of  magni¬ 
tude  larger  than  the  experiments.  This  is  partly 
because  of  the  present  relaxation  time  approxi¬ 
mation  which  gives  rather  inaccurate  mobility. 
However,  the  most  significant  cause  of  the  dis¬ 
crepancy  lies  in  the  fact  that  the  measured  mobil¬ 
ity  is  much  lower  than  the  known  mobility  in  such 
systems  [9].  The  measured  mobility  in  WFM- 
SQW(3)  is  ~  1.5  times  as  large  as  that  in  SQW 
for  d  =  124  A,  where  the  calculation  gives  a  lower 
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Fig.  3.  Calculated  mobility  as  a  function  of  the  layer  thickness 
at  300  K  in  SQW  (solid  line)  and  WFMSQW(4)  with  varying 
barrier  height:  800  meV  (dashed  line),  400  meV  (dot-dashed 
line),  and  200  meV  (dotted  line).  The  short  vertical  arrows 
indicate  the  thickness  where  condition  (3.1)  is  satisfied  for 
l  -  2  and  y  ~  1.5.  The  horizontal  straight  line  denotes  the 
polaron  mobility  in  bulk  GaAs. 


mobility  in  WFMSQW(3)othan  in  SQW.  The  same 
is  applicable  to  d  =  210  A. 

Zhu  et  al.  suggested  that  the  observed  en- 
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Fig.  4.  Calculated  and  observed  mobility  at  T  =  120  K.  The 
solid  and  dashed  lines  show  the  calculated  mobility  in  SQW 
and  WFMSQW(3),  respectively,  and  the  filled  and  open  cir¬ 
cles  show  the  measured  mobility  in  SQW  and  WFMSQW(3), 
respectively. 


hancement  of  the  mobility  in  WFMSQW  is  due 
to  modulation  of  optical  phonons.  This  is  quite 
unlikely,  however.  Although  individual  phonon 
modes  can  be  strongly  modified  by  the  presence 
of  hetero-interfaces,  the  completeness  of  the 
phonon  modes  leads  to  scattering  strength  inde¬ 
pendent  of  the  modification  as  is  discussed  in 
Refs.  [3-5].  Thus,  origins  of  the  discrepancy  re¬ 
main  unknown. 


4.  Summary  and  conclusion 

Effects  of  electron-wavefunction  modulation 
on  the  room  temperature  mobility  is  studied  in 
GaAs/AlAs  quantum  wells.  The  modulation  gives 
rise  to  two  competing  effects  on  the  mobility:  The 
first  is  the  reduction  in  the  strength  of  the  elec¬ 
tron-phonon  interaction,  leading  to  a  mobility 
enhancement,  and  the  second  is  the  introduction 
of  intersubband  scattering,  leading  to  a  mobility 
reduction.  An  appreciable  amount  of  the  mobility 
enhancement  can  be  achieved  for  appropriate 
values  of  parameters  for  which  intersubband  scat¬ 
tering  is  reduced  as  much  as  possible. 
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Abstract 

Parabolic  quantum  wells  with  a  potential  spike  consisting  of  a  small  number  (1,2,4)  of  AlAs-monolayers  in  the 
center  of  the  well  are  investigated  by  means  of  low-temperature  magnetotransport  experiments.  Intersubband 
scattering  leads  to  a  pronounced  feature  in  the  mobility  versus  carrier  density  characteristics  when  the  second 
subband  becomes  populated.  The  strength  of  this  feature  decreases  with  increasing  width  of  the  AlAs  spike  which 
leads  to  conclusions  on  the  overlap  of  the  wave  functions.  In  a  magnetic  field  1/B  periodic  oscillations  of  the 
resistance  arise  that  cannot  directly  be  related  to  the  carrier  density  of  one  specific  subband. 


1.  Introduction 

Synthetic  potentials  can  be  tailored  in  a  very 
precise  way  using  molecular  beam  epitaxy  [1].  In 
particular,  parabolic  potentials  have  been  real¬ 
ized  in  the  conduction  band  of  AlGaAs/GaAs 
heterostructures  by  varying  the  A1  content  appro¬ 
priately.  The  single  particle  energy  levels  that 
arise  after  the  parabolic  potential  well  has  been 
filled  with  electrons  can  be  probed  with  magneto¬ 
transport  experiments  and  a  quantitative  under¬ 
standing  of  the  details  of  the  potential  can  be 
obtained  [2].  Wave  functions  of  electronic  quan¬ 
tum  levels  can  selectively  be  modified  with  a 
potential  spike  depending  on  the  local  position  of 
the  potential  perturbation  with  respect  to  the 
maxima  of  the  respective  wave  function  [3].  Here 
parabolic  quantum  wells  (PQW)  are  investigated 
that  contain  in  the  center  of  the  well  a  potential 
spike  consisting  of  1,  2  or  4  monolayers  of  AlAs. 
The  idea  is  to  perturb  strongly  the  wave  function 


of  the  lowest  subband  having  a  maximum  in  the 
center  of  the  well.  Simultaneously,  the  wave  func¬ 
tion  of  the  second  subband  ideally  has  no  ampli¬ 
tude  in  the  center  and  will  thus  be  very  little 
influenced  by  the  potential  spike.  This  concept 
was  used  in  Ref.  [3]  to  probe  directly  the  eigen¬ 
states  of  an  undoped  quantum  well  via  optical 
spectroscopy.  In  our  system,  electrons  that  origi¬ 
nate  from  the  ionized  donors  outside  the 
parabolic  quantum  well  interact  with  each  other 
leading  to  a  self-consistent  modification  of  the 
shape  of  the  potential.  A  change  in  the  charge 
density  profile  of  the  lowest  quantum  state  will 
therefore  directly  influence  the  energy  of  the 
higher  subband.  Because  of  the  mobile  electrons 
in  the  well,  the  physical  situation  in  our  struc¬ 
tures  is  more  involved  compared  to  undoped  sys¬ 
tems  [3]. 

In  this  paper,  we  present  experimental  results 
that  are  based  on  magnetotransport  techniques  at 
liquid  He-temperatures.  This  approach  has  been 
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proven  useful  to  understand  in  detail  the  single¬ 
particle  subband  structure  in  unperturbed  PQW 
[2].  The  mobility  fx  of  the  electrons  is  measured 
as  a  function  of  carrier  density  Ns  that  is  con¬ 
trolled  via  a  front-gate  voltage.  A  distinct  step-like 
feature  arises  in  the  fx  versus  Ns  curve  once  the 
second  subband  becomes  populated.  This  charac¬ 
teristic  becomes  less  pronounced  for  increasing 
width  of  the  potential  spike.  We  argue  that  this  is 
caused  by  a  decreasing  overlap  of  the  wave  func¬ 
tions.  In  the  limit  of  a  strong  potential  spike  the 
wave  functions  of  the  lowest  two  subbands  tend 
to  have  their  maxima  in  opposing  halves  of  the 
well  if  the  well  is  asymmetric.  The  low-field  mag¬ 
netoresistance  reveals  oscillations  whose  periodic¬ 
ities  are  analyzed  by  Fourier  transformation.  For 
higher  carrier  densities  we  find  only  one  fre¬ 
quency  in  the  power  spectrum  in  spite  of  the  fact 
that  two  subbands  are  occupied.  Furthermore, 
this  single  frequency  cannot  directly  be  related  to 
the  charge  density  in  the  lowest  subband. 


2.  Experimental  results 

The  GaAs/Al/ja^As  parabolic  quantum 
wells  are  grown  by  molecular  beam  epitaxy 
(MBE).  The  details  of  the  growth  sequence  for 
the  well  without  the  spike  are  given  in  Ref.  [2]. 
All  wells  investigated  have  the  same  curvature  of 
the  parabolic  potential  corresponding  to  an  en¬ 
ergy  hco0  =  10  meV.  In  the  center  of  the  well 
defined  as  the  position  of  minimum  Al  content  in 
the  well  without  the  spike,  1,2  or  4  monolayers  of 
AlAs  are  grown  for  the  structures  with  potential 
perturbation.  Two  sets  of  samples  were  grown. 
One  set  consisting  of  a  well  without  a  spike  and 
wells  with  a  2  monolayer  spike  at  different  posi¬ 
tions  within  the  well  were  grown.  In  this  case  the 
carrier  densities  (Ns  ~  5  X  1011  cm"2  at  Vg  =  0) 
agree  within  10%  whether  the  samples  contain 
potential  spikes  or  not.  The  mobilities  in  the 
samples  containing  spikes  are  only  reduced  by 
about  10%  with  respect  to  the  PQW  without 
spike.  On  another  date,  after  an  MBE  system 
opening,  another  set  of  samples  was  grown  with 
1,  2,  and  4  monolayer  potential  spikes  in  the 
center  of  the  well.  A  Hall  bar  pattern  is  mesa- 


etched  onto  the  samples  and  Ohmic  contacts  are 
alloyed  onto  the  voltage  pads.  A  front  gate  is 
evaporated  onto  the  Hall  bar  to  enable  us  to  tune 
the  total  carrier  density.  In  a  PQW  the  width  of 
the  electron  gas  at  the  Fermi  level  as  well  as  the 
position  of  the  carrier  distribution  within  the  well 
are  tuned  with  the  gate  voltage.  The  wave  func¬ 
tions  are  thus  shifted  with  respect  to  the  center  of 
the  well  once  a  gate  voltage  is  applied.  In  the 
case  of  a  potential  spike  in  the  center  of  the  well 
in  general  the  carrier  distribution  will  not  be 
symmetric  with  respect  to  the  spike  position. 
These  considerations  have  to  be  kept  in  mind  for 
the  following  discussion. 

The  low-frequency  (v  ~  80  Hz)  transport  ex¬ 
periments  are  performed  in  a  superconducting 
magnet  and  the  samples  are  cooled  by  He  ex¬ 
change  gas  at  temperatures  0.5  <  T  <  4.2  K.  The 
magnetic  field  is  oriented  perpendicular  to  the 
sample  surface.  Here  we  concentrate  on  the 
regime  of  small  magnetic  fields  (B  <  1.5  T)  where 
the  influence  of  the  magnetic  field  on  the  sub¬ 
band  structure  itself  can  be  neglected.  [2]  The 
gate  voltage  dependence  of  the  total  carrier  den¬ 
sity  can  be  obtained  from  the  low-field  Hall  effect 
in  good  agreement  with  geometric  considerations 
based  on  a  capacitor  model.  From  the  resistance 
at  zero  field  pxx(B  =  0)  an  effective  mobility  of 
the  electrons  can  be  extracted.  This  mobility  is 
plotted  as  a  function  of  carrier  density  in  Fig.  1 
for  four  samples,  one  without  a  potential  spike, 
and  three  different  samples  with  1,  2  and  4  mono- 
layers  of  AlAs  in  the  well.  The  curves  are  verti¬ 
cally  offset  for  clarity.  The  sample  without  spike 
has  a  mobility  that  is  roughly  twice  as  high  as  for 
the  other  samples  because  it  was  grown  at  a 
different  time.  One  pronounced  feature  occurs 
between  Ns  =  (2-3)  X  1011  cm"2  that  is  related 
to  the  onset  of  intersubband  scattering  due  to  the 
population  of  the  second  subband.  The  precise 
position  of  the  feature  on  the  As-axis  depends  on 
the  details  of  the  growth  process  and  can  proba¬ 
bly  not  be  compared  for  the  different  samples. 
For  increasing  strength  of  the  potential  spike  the 
feature  becomes  weaker.  One  has  to  bear  in  mind 
that  this  occurs  in  the  regime  of  negative  gate 
voltages  where  the  electron  gas  resides  mostly  in 
the  lower  half  of  the  well  towards  the  substrate- 
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Ns(10"  cm'2) 

Fig.  1.  Mobility  as  a  function  of  carrier  density  for  four 
parabolic  quantum  wells  without  AlAs  spike  and  with  1,  2, 
and  4  monolayers  of  AlAs  in  the  center  of  the  well.  The 
curves  are  vertically  offset  for  clarity.  The  arrow  in  the  upper 
left  corner  of  the  figure  gives  the  scale  for  the  mobility  for  the 
3  samples  with  spike.  The  scale  for  the  sample  without  spike 
is  twice  as  large.  The  arrows  are  a  guide  to  the  eye  and 
indicate  where  subbands  become  populated  and  intersubband 
scattering  occurs.  The  temperature  is  T  =  4.2  K. 


side  of  the  sample,  i.e.  the  wave  function  of  the 
lowest  subband  has  its  maximum  on  one  side  of 
the  potential  spike.  For  symmetry  reasons  the 
wave  function  of  the  higher  subband  occupies 
mostly  the  opposing  half  of  the  well  towards  the 
surface-side  of  the  sample.  The  stronger  the  po¬ 
tential  spike  the  more  these  wave  functions  be¬ 
come  separated  and  intersubband  scattering  will 
decrease.  We  argue  that  this  is  the  reason  why 
the  feature  in  the  /jl  versus  Ns  curve  that  is 
related  to  intersubband  scattering  between  the 
lowest  two  subbands  vanishes  for  strong  potential 
perturbations. 

At  high  total  carrier  densities  a  third  subband 
becomes  slightly  (less  than  0.5  X  1011  cm-2)  pop¬ 
ulated  (see  arrow  1  ->  2  in  Fig.  1)  and  intersub¬ 
band  scattering  occurs  among  all  three  occupied 
subbands.  Because  of  the  large  extent  of  the  wave 
function  of  the  third  subband,  the  scattering  rate 
increases  and  the  mobility  drops  for  increasing 
gate  bias.  Furthermore,  the  well  is  now  closer  to 
the  symmetric  situation  where  the  wave  functions 
of  all  occupied  subbands  extend  on  both  sides  of 


the  potential  spike.  Therefore,  the  presence  of 
the  potential  spike  should  not  significantly  change 
the  wave  function  overlap  between  the  lowest 
three  subbands.  The  intersubband  scattering  rate 
in  this  case  is  expected  to  be  fairly  independent 
of  the  strength  of  the  spike  in  agreement  with  the 
experimental  observation. 

In  the  next  paragraph  we  will  focus  on  the 
effect  of  small  magnetic  fields  on  the  transport 
properties  of  the  PQW  with  1  monolayer  of  AlAs 
in  the  center  of  the  well.  Fig.  2  presents  a  series 
of  experimentally  obtained  traces  for  a  series  of 
gate  voltages.  The  lowest  lying  curve  for  Vg  = 
+  200  mV  clearly  displays  only  one  set  of  1/B 
periodic  oscillations.  A  Fourier  power  spectrum 
of  this  curve  displays  only  one  peak  that  gives  a 
carrier  density  of  roughly  half  the  value  as  ob¬ 
tained  from  the  Hall  effect.  The  high-field  mag¬ 
netoresistance  and  Hall  effect  is  dominated  by  a 
series  of  suppressed  quantum  Hall  states  which 
clearly  indicates  that  more  than  one  electronic 
subband  is  occupied  [2],  For  decreasing  carrier 
density  the  curves  in  Fig.  2  indicate  a  second  1  /B 
periodicity  which  can  be  well  resolved  in  the 
Fourier  transform  process.  Fig.  3  summarizes  the 
experimentally  obtained  values  for  the  carrier 


B  (T) 


Fig.  2.  Low-field  magnetoresistance  for  the  sample  with  1 
monolayer  of  AlAs  in  the  center  of  the  well.  The  curves  are 
vertically  offset  for  clarity.  The  gate  voltage  and  therefore  the 
total  carrier  density  decreases  from  bottom  to  top.  The  tem¬ 
perature  is  T  -  0.5  K. 
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v  (V) 

Fig.  3.  Carrier  densities  as  obtained  from  the  low-field  Hall 
effect  (solid  line)  as  well  as  from  Fourier  transform  of  the 
SdH  oscillations  (circles  and  squares)  as  a  function  of  gate 
voltage. 

densities  as  a  function  of  gate  bias.  In  the  regime 
where  two  1  /B  periodic  functions  in  the  magne¬ 
toresistance  can  be  identified  via  a  Fourier  trans¬ 
form,  the  sum  of  these  two  carrier  densities  is  in 
good  agreement  with  the  value  of  total  Ns  as 
obtained  from  the  low-field  Hall  effect.  In  this 
regime  the  usual  analysis  of  the  Shubnikov-de 
Haas  (SdH)  oscillations  works  fine  and  gives  re¬ 
sults  in  agreement  with  other  experiments  on 
electron  gases  with  several  occupied  subbands, 
e.g.  Ref.  [4].  However,  for  ~0.3  <  Vg  <  +0.3  V 
the  interpretation  of  the  data  is  not  straightfor¬ 
ward.  This  gate  voltage  regime  covers  the  situa¬ 
tion  where  the  wave  functions  of  the  subbands 
are  fairly  symmetric  with  respect  to  the  position 
of  the  spike.  It  appears  counter-intuitive  that  only 
one  period  occurs  in  the  low-field  SdH-oscilla- 
tions  while  simultaneously  the  high-field  behavior 
as  well  as  the  value  of  the  carrier  density  itself 
clearly  suggest  that  more  than  one  subband  is 
occupied.  In  the  following  we  discuss  three  sce¬ 
narios  that  are  unlikely  to  occur  in  our  samples. 
(1)  Very  wide  Landau  levels  in  one  subband,  i.e.  a 
very  small  scattering  time  of  the  carriers  in  this 
subband  could  explain  why  suddenly  one  oscilla¬ 
tion  period  is  missing.  However,  if  that  were  the 
case,  the  resistance  in  general  should  go  up  and 
no  deep  minima  in  pxx  at  high  magnetic  fields 
should  be  observable.  Furthermore,  the  value  of 
Ns  as  deduced  from  this  single  period  should  still 
be  identifiable  with  the  carrier  density  of  a  single 
subband.  This  is  clearly  not  the  case  here.  (2)  A 


populated  third  subband  should  also  manifest 
itself  in  the  SdH-oscillations  and  its  low  carrier 
density  should  lead  to  a  clearly  distinct  peak  in 
the  power  spectrum  of  the  Fourier  transform. 
This  is  not  seen  in  the  experimental  data.  (3)  The 
lowest  two  subbands  could  have  very  similar  car¬ 
rier  densities  that  may  end  up  in  a  single  period 
in  the  SdH  oscillations.  In  that  case  the  single 
frequency  as  deduced  from  the  Fourier  transform 
should  give  a  carrier  density  that  is  half  the  value 
of  what  is  obtained  from  the  low-field  Hall  effect. 
This  case  is  realized  close  to  Vg  =  0.  However,  for 
gate  voltages  Vg  >  0  the  carrier  density  as  de¬ 
duced  from  the  single  period  of  the  SdH  oscilla¬ 
tions  should  increase  with  increasing  gate  bias  in 
contrast  to  the  experimental  observation  (see  solid 
squares  in  Fig.  3). 

In  the  symmetric  situation  the  self-consistent 
potential  and  the  wave  functions  in  our  sample 
are  very  similar  to  the  case  of  two  coupled  quan¬ 
tum  wells  [5]  or  wide  square  wells  [6].  The  sup¬ 
pression  of  odd-integer  quantum  Hall  states  in 
these  systems  has  been  observed  and  attributed 
to  the  competition  between  the  interwell  and 
intrawell  Coulomb  interactions.  A  phase  transi¬ 
tion  for  decreasing  well  coupling  has  been  pre¬ 
dicted  [7].  To  our  best  knowledge  nobody  has  so 
far  reported  low-field  effects  that  question  the 
usual  interpretation  of  SdH  oscillations  in  a 
multi-subband  or  multi-well  system.  We  suggest 
that  in  our  samples  intersubband  Coulomb  inter¬ 
actions  can  play  a  decisive  role  and  modify  the 
low-field  SdH  oscillations. 


3.  Conclusions 

Parabolic  quantum  wells  with  a  potential  spike 
consisting  of  1,2  or  4  monolayers  of  AlAs  in  the 
center  of  the  well  are  investigated  by  means  of 
magnetotransport  experiments.  The  intersubband 
scattering  rate  decreases  with  increasing  width  of 
the  potential  spike  in  agreement  with  considera¬ 
tions  for  the  wave  function  overlap.  Once  the 
subband  wave  functions  are  symmetric  with  re¬ 
spect  to  the  position  of  the  spike  the  experimen¬ 
tal  results  imply  that  the  usual  interpretation  of 
Shubnikov-de  Haas  oscillations  in  a  multi-sub- 
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band  system  has  to  be  questioned.  We  propose 
that  this  effect  originates  from  Coulomb  interac¬ 
tion  between  the  electrons  of  different  subbands. 
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Abstract 

Effects  of  resonant  coupling  on  2D  electron  transport,  especially  the  wavefunction-dependent  scattering  of 
electrons,  have  been  studied  in  novel  double  quantum  well  (DQW)  field  effect  structures  in  which  a  sheet  of  ionized 
donors  is  inserted  in  one  of  the  wells.  When  the  two  relevant  wavefunctions  are  modulated  by  a  gate  voltage  V  from 
localized  ones  to  those  extending  over  both  wells,  the  channel  resistance  R  shows  a  resonant  increase,  resulting  in  a 
peak-to-valley  ratio  of  2.5  in  R-Vg  characteristics  at  1.5  K.  Magnetic-field  dependence  of  the  channel  resistivity  has 
been  investigated  to  elucidate  features  of  resonant  coupling  at  two  different  donor  concentrations  Ns.  It  has  been 
found  that  the  formation  of  coupled  wavefunctions  takes  place  uniformly  only  in  the  sample  with  low  Ns,  whereas 
the  resonant  coupling  in  the  sample  with  high  Ns  (>1015  m-2)  becomes  substantially  non-uniform  or  position 
dependent  in  the  channel  and  leads  to  incomplete  delocalization  of  wavefunctions. 


The  resonant  coupling  of  electrons  in  double 
quantum  wells  (DQWs)  has  attracted  much  atten¬ 
tion  in  the  area  of  two-dimensional  electron 
transport.  For  example,  the  coupling  of  two  states 
is  shown  to  affect  both  the  integral  and  fractional 
quantum  Hall  effects  [1].  It  is  also  shown  that  the 
delocalization  of  wavefunctions  in  coupled  DQWs 
results  in  the  modulation  of  channel  conductivity 
[2].  We  have  recently  demonstrated  that  quite  a 
large  modulation  in  the  channel  conductivity  can 
be  realized  by  appropriate  insertion  of  5-doping 
in  one  of  the  two  wells  [3].  In  this  paper,  we  study 
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transport  properties  of  such  impurity-inserted 
DQW  structures  to  clarify  the  details  of  novel 
features  in  resonant  coupling  mainly  from  magne¬ 
toresistance  measurements. 

Samples  we  study  here  are  selectively-doped 
DQW  structures,  consisting  of  two  150  A  GaAs 
QWs  separated  by  a  22.5  A  undoped  AlGaAs 
barrier.  As  shown  in  Fig.  la,  a  sheet  of  Si  donors 
is  inserted  at  the  center  of  the  top  QW  (near  the 
gate)  to  ensure  that  the  mobilities  of  the  two 
QWs  are  quite  different  and  also  to  enhance  the 
wavefunction  dependence  of  scattering  [2].  When 
the  two  levels  in  the  DQW  are  out  of  resonance, 
the  two  wavefunctions  are  localized  in  each  QW. 
In  such  a  case,  as  will  be  discussed  later,  the 
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channel  conductivity  should  be  dominated  by  the 
bottom  QW  and  be  rather  high,  since  electrons  in 
the  undoped  bottom  QW  are  isolated  from  the 
donors  and  in  the  high  mobility  state.  When  their 
energy  difference  AE  is  reduced  to  bring  the  two 
levels  in  resonance  by  applying  a  proper  gate 
voltage  Kg,  the  interwell  tunneling  should  be  en¬ 
hanced  and  also  the  interaction  between  S-doped 
impurities  and  electrons  in  the  undoped  QW. 
Therefore,  the  field-induced  resonance  should  re¬ 
duce  the  effective  mobilities  of  electrons  and  give 
rise  to  a  resistance  maximum. 

For  this  work  we  grew  by  molecular  beam 
epitaxy  two  samples  A  and  B  with  different  sheet 
densities  N5  of  silicon:  2  X  1015  m-2  for  A  and 
1  X  10 14  m~2  for  B,  respectively.  For  each  Hall- 
bar  sample  200  ii m  and  50  jim  wide  an  Al 
Schottky  gate  was  deposited  in  vacuum.  Ohmic 
contacts  for  source  and  drain  were  formed  by 
alloying  InSn  to  both  QWs. 
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Fig.  2.  The  channel  resistivity  p^CO)  of  sample  A  at  1.5  K 
plotted  as  a  function  of  gate  voltage  (solid  line).  The  closed 
circles  show  the  magnetoresistance  tSpxx  at  0.3  T. 
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Fig.  1.  (a)  Schematic  structure  of  8-doped  double  quantum 
wells  formed  on  10  periods  of  a  200  A  AlGaAs/20  A  GaAs 
superlattice  and  a  1000  A  GaAs  buffer  layer  on  semi-insulat¬ 
ing  GaAs  substrates.  The  density  of  S-doped  Si+  at  the 
center  of  the  top  QW  is  2X1015  m~~2  for  sample  A  and 
1X1014  m-2  for  sample  B,  respectively,  (b)  The  potential 
profile  and  the  squared  wavefunction  at  resonance  calculated 
by  solving  the  Schrodinger  and  Poisson  equations  self-con- 
sistently  for  sample  A. 


The  channel  resistivities  pxx  were  measured  at 
1.5  K  by  using  an  AC  lock-in  technique  at  15  Hz 
with  a  10  nA  current  source.  A  solid  line  in  Fig.  2 
shows  the  measured  pxx  for  sample  A  as  a  func¬ 
tion  of  Kg.  A  prominent  peak  structure  appears 
clearly  at  Kg  ~  -  0.5  V  with  a  peak-to-valley 
{P/V)  ratio  of  ~  2.5,  which  was  observed  also 
for  sample  B  in  a  similar  manner  (see  Fig.  4).  As 
described  above,  the  peak  of  the  resistance  should 
correspond  almost  to  the  resonance  condition 
where  wavefunctions  are  coupled  and  delocal¬ 
ized.  By  solving  the  time-independent  Schrodin¬ 
ger  equation  self-consistently,  one  can  calculate 
the  electronic  states  and  electron  mobilities.  For 
example,  it  is  found  that  symmetric  and  antisym¬ 
metric  states  are  formed  with  A  E  of  1.7  meV  at 
resonance  (see  Fig.  lb).  Here,  the  potential  pro¬ 
file  V(z)  is  assumed  to  be  uniform  in  a  plane 
parallel  to  the  QWs  by  ignoring  the  in-plane 
fluctuation  6K(x,  y)  of  the  potential. 

Though  the  resonance  of  states  is  reflected  in 
a  resistivity  peak,  more  detailed  features  can  be 
extracted  by  studying  the  magnetoresistivity 
Apxx(B)  =  pxx(B)  -  pxx(0)  with  fields  B  perpen¬ 
dicular  to  the  QWs.  This  is  because  the  absence 
or  the  presence  of  magnetoresistivity  depends 
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critically  on  the  coupling  condition  of  two  states, 
as  explained  below.  For  a  weak  magnetic  field, 
the  conductivity  tensor  a  for  electrons  in  multi¬ 
ple  subbands  can  be  expressed  by 

=  YwiK/[  i  +  (vtB)2], 

<rxy(B)  =  L<rxyi(B)  =  LmjBNs/ 

[l  +  (Mi  B)%  (1) 

where  q  is  the  electron  charge,  fjii  and  Ns_  are 
the  mobility  and  density  of  carriers  for  the  ith 
subband,  respectively.  The  resistivity  pxx(B )  can 
be  derived  as  axx(B)/[axx(B)  +  crXy(B)\.  If  elec¬ 
tronic  states  in  DQWs  are  not  coupled  and  the 
current  J  is  carried  by  two  groups  of  electrons 
with  different  mobilities  px  and  j u2,  then  pxx(B) 
should  depend  on  B.  In  particular,  if  pxB  »  1 
and  p2B  ^  p**(i2)  can  expressed  as  [4] 

pxx(B)  «  l/q[NS2p2  +  Nl/(NS2v2B2)] 

(2) 

from  which  one  can  readily  see  that  A pxx(B) 
increases  with  B .  In  contrast,  if  J  is  borne  by  one 
type  of  electrons  with  a  single  mobility  (including 
a  single  subband  system),  A pxx(B)  should  vanish 
as  long  as  B  is  small  enough  to  prevent  the 
oscillation  of  pxx(B)  with  B. 

To  examine  these  predicted  behaviors,  the 
weak-field  A pxx(B)  of  both  samples  A  and  B 
were  measured  at  various  values  of  Vg.  Fig.  3 
shows  curves  of  Apxx(B )  of  sample  A  as  func¬ 
tions  of  magnetic  field  B,  in  which  each  zero-level 
of  A pxx(B)  corresponds  to  a  set  value  of  V . 
When  Vg  is  sufficiently  low  (<  -0.8  V)  and  all 
the  electrons  are  in  the  bottom  (undoped)  well, 
A pxx(B)  is  almost  zero,  which  is  in  accordance 
with  the  prediction.  When  Vg  is  raised  above 
-0.8  V,  where  electrons  occupy  not  only  the 
bottom  well  but  also  the  top  (doped)  well,  one 
can  readily  see  in  Fig.  3  a  parabolic  increase  of 
Apxx(B\  indicating  that  the  current  is  carried  by 
electrons  with  two  different  mobilities.  Surpris¬ 
ingly,  the  parabolic  increase  of  A pxx(B)  persists 
even  at  the  resonance  point  (see  solid  circles  in 
Fig.  2),  even  though  the  ideal  coupling  should 
resolve  the  imbalance  of  px  and  p2  and  make 


Fig.  3.  The  magnetoresistances  A pxx(B)  of  sample  A  plotted 
as  functions  of  B  for  different  gate  voltages.  On  the  left-hand 
side,  pxx( 0)  is  shown  as  a  function  of  Vg.  The  origin  of  each 
Apxx(B)  is  offset  along  the  vertical-axis  so  that  the  gate  bias 
can  be  read  for  each  Apxx(B)  curve. 


A pxx(B)  vanishingly  small.  To  clarify  and  sepa¬ 
rate  the  contributions  of  the  two  quantum  states, 
the  field-dependence  of  A pxx(B)  and  Hall  coeffi¬ 
cients  [5]  as  well  as  the  period  of  Shubnikov-de 
Haas  oscillation  were  analyzed  to  determine  the 
mobilities  and  concentrations  of  electrons  in  each 
subband.  It  was  found  that  the  mobility  of  the 
undoped  QW  channel  is  initially  14  m2/V  *  s  at 
Vg=  -  0.8  V  (the  valley  of  pxx(0 ))  but  decreases 
to  5  m2/V  *  s  at  the  estimated  point  of  resonance 
or  resistance  peak.  At  this  resonance  point,  the 
mobility  p2  of  the  state  originating  from  the 
doped  well  is  found  to  be  as  low  as  ~  1  m2/V  •  s 
[6]. 

The  magnetoresistance  A pxx(B)  of  sample  B  is 
also  studied  and  the  result  is  shown  by  solid 
circles  in  Fig.  4.  Note  that  Apxx(B  =  0.3  T)  is 
nearly  zero  at  resonance  in  agreement  with  the 
prediction  for  an  ideal  resonant  coupling  model. 
For  comparison,  the  channel  resistivity  pxx(B  =  0 
T)  is  shown  by  the  solid  line  in  Fig.  4  and  indi¬ 
cates  that  the  field-induced  resonance  leads  to 
the  resistance  peak  also  in  the  sample  B.  At  the 
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Fig.  4.  The  channel  resistivity  of  sample  B  at  1.5  K  plotted  as 
a  function  of  gate  voltage  (solid  line).  The  closed  circles  show 
the  magnetoresistance  A pxx  at  0.3  T,  which  becomes  zero  not 
only  at  Vg  <  -0.75  V,  where  the  top  QW  is  depleted,  but  also 
in  the  region  where  Vg  is  slightly  larger  than  that  for  the 
resistivity  peak. 

resonance  point  \i  and  Ns  total  are  found  to  be  6.5 
m2/V-s  and  8  X  1015  m-2  [7],  respectively.  We 
found  that  fil  =  22  m2/V  •  s  and  NSi  =  4  X  1015 
m-2  at  the  valley  of  pxx{ 0)  (Vg=  -0.75  V).  Simi¬ 
larly,  at  Vg  ~  0  V,  we  found  \x2  =  6.7  m2/V  •  s 
and  N$2  =  6.7  X  1015  m-2,  while  =  22  m2/V  *  s 
and  Ns  =  4.3  X  10 15  m-2  indicating  that  mobili¬ 
ties  are  different  under  the  uncoupled  condition. 

To  explain  the  observed  difference  in  pxx(B ) 
between  these  two  samples,  we  should  refine  the 
model  of  resonant  coupling.  In  sample  B,  the 
density  of  Si  donors  =  1  X  10 14  m~2  appears 
to  be  low  enough  to  regard  these  dopants  as  a 
weak  perturbation.  Hence,  the  wavenumber  k  = 
( kx ,  ky)  in  the  QW  plane  serves  as  a  good  quan¬ 
tum  number  and  electron  waves  can  propagate 
coherently  in  the  channel.  Indeed,  the  level 
broadening  of  both  subbands  estimated  from  their 
mobilities  are  smaller  than  the  coupling  energy 
A  is  *  1.7  meV.  As  a  result,  the  resonant  coupling 
of  two  levels  takes  place  almost  ideally  and  uni¬ 
formly  over  the  channel. 

In  contrast,  the  resonant  coupling  effect  ob¬ 
served  in  sample  A  is  certainly  beyond  the  simple 


model  of  the  uniform  resonance.  For  example, 
the  fact  that  the  measured  pL2  (less  than  1  m2/V  • 
s)  is  far  less  than  j jl1  (~5  m2/V*s),  even  at 
resonance,  indicates  that  the  resonance  enhances 
the  tunneling  only  partly  and  does  not  lead  to  the 
complete  delocalization  of  wavefunctions.  These 
complications  are  due  to  the  high  density  Nd  =  2 
X  10 15  m-2  of  donors  that  causes  the  substantial 
level  broadening  and  potential  fluctuation  be¬ 
cause  of  the  overlapping  of  bound  states.  The 
resonant  coupling  under  such  a  circumstance 
should  be  described  by  a  refined  model,  in  which 
the  energy  uncertainty  8E2  and  potential  fluctua¬ 
tion  8  V  in  the  doped  well  are  taken  into  account. 
For  instance,  8E2  and  potential  fluctuation  8V  in 
the  doped  well  are  taken  into  account.  For  in¬ 
stance,  8E2  given  by  the  lower  mobility  p,2  (~  1 
m2/V  •  s)  is  comparable  with  (or  greater  than) 
the  coupling  energy  A  is.  Such  a  large  8E2  sup¬ 
presses  the  coherent  propagation  in  both  QWs 
and,  therefore,  prevents  the  formation  of  uni¬ 
formly  coupled  states  but,  instead  results  in  the 
position-dependent  partial  coupling.  The  features 
of  such  resonance  should  depend  on  both  the 
energy  broadening  and  the  coupling  energy,  which 
will  be  discussed  elsewhere. 

In  conclusion,  we  have  investigated  the  reso¬ 
nant  enhancement  of  ionized  impurity  scattering 
and  the  magnetoresistivity  in  impurity-inserted 
double  quantum  wells  with  low  and  high  impurity 
concentrations  Ns.  We  have  shown  that  the  gate- 
voltage-induced  coupling  of  two  quantum  states 
takes  place  uniformly  when  Ns  is  low,  but  in  the 
sample  with  high  N8  the  coupling  is  found  to 
become  quite  local  and  the  ground  level  in  each 
QW  maintains  its  identity. 
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Abstract 

Magnetophonon  resonance  is  studied  in  the  resistivity  of  high-mobility  GaAs/GaAlAs  heterojunctions.  At  high 
magnetic  fields  the  oscillation  amplitude  decreases,  leading  to  the  complete  disappearance  of  the  fundamental 
resonance  in  some  cases.  This  is  in  complete  contrast  to  the  behaviour  seen  in  previous  studies  on  many  different 
materials  which  show  an  exponentially  damped  series  of  oscillations.  The  disappearance  is  explained  by  fully 
self-consistent  calculations,  including  all  the  scattering  processes  to  calculate  the  density  of  states  and  the  resistivity. 
We  find  the  Landau  level  width  oscillates  in  field  and  the  resonance  amplitudes  are  determined  by  the  relative 
importance  of  the  elastic  and  inelastic  scattering  rates. 


Magnetophonon  resonance  (MPR)  may  be  ob¬ 
served  in  the  resistivity  pxx  of  semiconductors  as 
a  series  of  oscillations  due  to  the  resonant  ab¬ 
sorption  and  emission  of  longitudinal  optic  (LO) 
phonons.  The  resonance  occurs  whenever  the  op¬ 
tic-phonon  energy  hcoLO  is  equal  to  an  integral 
multiple  of  the  cyclotron  energy: 

toLO  =No)c  =  NeB/m*,  N=  1,2,3....  (1) 

In  many  previous  studies  [1,2]  the  MPR  oscilla- 
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tions  in  pxx  have  been  described  by  an  exponen¬ 
tially  damped  cosine  series  [3] 

&Pxx 

- accos(2ir&>LO/«c)  exp( -y«LO/<oc),  (2) 

Pxx 

where  the  damping  factor  y  was  originally  found 
to  be  constant  in  magnetic  field  and  to  vary  with 
temperature  and  sample  mobility.  This  equation 
can  also  be  derived  as  the  first  term  of  an  har¬ 
monic  expansion  for  the  conductivity  considering 
short-range  scattering  [4],  and  the  empirical  y 
related  to  the  theoretical  Landau  level  (LL)  width 
r.  Although  Eq.  (2)  has  been  applied  to  a  wide 
variety  of  materials,  quantitative  agreement  has 
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not  always  been  possible  since  y  often  varies  with 
magnetic  field  [5,6]. 

In  this  paper  we  report  MPR  oscillations  in 
the  resistivity  of  high-mobility,  low-electron-den¬ 
sity  GaAs/GaAlAs  heterojunctions  that  are  qual¬ 
itatively  different  to  any  previous  observations. 
Most  strikingly  the  oscillations  at  the  highest 
magnetic  fields  B ,  expected  from  Eq.  (2)  to  be 
the  strongest  features  in  the  resistivity  pxx  com¬ 
pletely  disappear.  The  magnetoresistance  has 
been  measured  in  a  large  number  of  heterojunc¬ 
tions  in  pulsed  fields  up  to  36  T  at  KU  Leuven 
and  steady  fields  to  30  T  using  the  Nijmegen 
hybrid  magnet.  The  samples  were  grown  by  MBE 
at  Philips  Research  Laboratories  to  a  standard 
HEMT  design  [7]  with  a  range  of  undoped- 
GaAlAs  spacer-layer  thicknesses  100  A  <LZ< 
3200  A  and  corresponding  electron  densities  ne 
from  3.2  to  0.15  X  1015  m-2. 

The  two  extreme  types  of  behaviour  observed 
are  illustrated  in  Fig.  1,  which  shows  pxx  for 
samples  with  spacer  layer  widths  of  400  and  3200 
A.  To  emphasise  the  oscillations  a  background 
resistance  linear  in  B  has  been  subtracted  and 
the  result  expressed  as  a  percentage  of  pxx  at 
5  =  0.  The  thinner  spacer-layer  sample  G148 
shows  fairly  conventional  MPR,  exhibiting  the 
exponentially  damped  cosine  series.  However,  the 
results  are  quite  different  for  the  wider  spacer- 
layer  sample  G647,  which  also  has  a  lower  elec¬ 
tron  density.  The  oscillations  at  low  magnetic 
field  are  well  resolved  and  less  damped  than 
those  for  sample  G148,  but  the  amplitude  peaks 
for  the  N  =  4  resonance  at  5.5  T,  while  the  fun¬ 
damental  N  =  1  resonance,  expected  to  be  the 
strongest,  has  become  very  weak  with  some  indi¬ 
cations  of  a  more  complicated  lineshape.  This 
behaviour  can  clearly  not  be  explained  by  Eq.  (2). 
Even  for  the  Lz  =  400  A  sample  Eq.  (2)  does  not 
give  quantitative  agreement  with  data,  since  the 
higher  field  peaks  have  not  increased  as  much  as 
expected  [8]. 

The  amplitude  of  the  four  highest  field  reso¬ 
nances  are  shown  in  Fig.  2  as  a  function  of 
spacer-layer  thickness.  At  low  values  of  Lz  the 
amplitude  increases  towards  higher  magnetic  field 
(smaller  A),  while  for  samples  with  a  large  Lz 
the  reverse  is  true.  Thus,  there  is  a  maximum 
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Fig.  1.  (a)  The  magnetoresistance  of  sample  G148,  with  a  400 
A  spacer  layer  and  ne  =  2.0  X 10 15  m~2,  showing  conventional 
MPR.  The  oscillations  are  enhanced  by  subtracting  a  back¬ 
ground  linear  in  B  and  expressing  as  a  percentage  of  the 
zero-field  resistivity  (right  scale),  (b)  The  same  for  sample 
G647,  with  a  3200  A  spacer  layer  and  «e  =  0.15xl015  m”2, 
showing  conventional  MPR  at  low  field  but  the  disappearance 
of  the  fundamental  resonance  at  high  field. 


100  1000 
Spacer  Thickness  Lz  (A) 


Fig.  2.  Amplitude  of  the  four  highest  field  resonances  as  a 
function  of  undoped  spacer  layer  thickness  in  the  sample.  The 
lines  are  to  guide  the  eye. 
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Fig.  3.  MPR  oscillations  for  sample  G647  at  120  and  180  K. 
The  N  =  2  resonance  disappears  as  the  temperature  is  re¬ 
duced. 


amplitude  which  occurs  at  increasing  Lz  for 
higher  harmonics.  The  temperature  is  also  impor¬ 
tant,  as  seen  in  Fig.  3:  for  sample  G647  the  N  =  2 
resonance  which  is  quite  strong  at  180  K  has 
virtually  disappeared  at  120  K,  while  the  N  =  3 
peak  also  weakens  markedly  relative  to  the  N  =  4 
peak  as  the  temperature  is  reduced. 

All  the  samples  studied  follow  the  same  gen¬ 
eral  behaviour,  (i)  At  low  magnetic  fields  the 
oscillations  increase  in  amplitude  with  increasing 
field  as  described  by  Eq.  (2).  (ii)  At  high  magnetic 
fields  the  amplitudes  decrease  quite  rapidly  with 
increasing  field  and  even  disappear  completely, 
(iii)  The  division  between  these  two  regions  moves 
to  lower  magnetic  field  (a)  at  lower  temperatures 
and  (b)  in  samples  with  wider  spacer  layers  (and, 
hence,  smaller  electron  densities). 

We  explain  the  disappearance  of  the  MPR  at 
high  magnetic  fields  by  calculating  pxx  with  all 
the  scattering  processes  included  self  consistently. 
It  is  essential  to  include  the  full  self-consistency 
in  calculating  the  density  of  states  as  well  as  the 
resistivity  since  each  scattering  mechanism  is  sig¬ 
nificantly  affected  by  (and  significantly  affects) 
the  temperature  and  magnetic-field  dependence 
of  the  Landau  level  broadening. 

Details  of  our  calculations,  based  on  a  Green’s 
Function  approach  to  the  quantum  mechanical 
momentum  balance  equation,  may  be  found  in 
Ref.  [9],  where  pxx  is  calculated  as  a  function  of 


temperature  for  fixed  magnetic  fields.  The  exper¬ 
imental  values  at  a  range  of  fields  could  be  repro¬ 
duced  over  the  full  temperature  range  (4-300  K) 
and  showed  that  the  high  field  resistivity  is  deter¬ 
mined  by  the  background  impurity  density  to 
much  higher  temperatures  than  the  zero-field 
mobility.  Eq.  (3)  expresses  the  resistivity  as  the 
sum  of  elastic  and  inelastic  scattering  terms,  each 
written  as  the  product  of  a  matrix  element 
and  an  energy  integration  over  the  joint  density 
of  initial  and  final  states  Ft.  For  the  elastic  scat¬ 
tering  (subscript  el)  we  include  impurities  (IMP) 
and  deformation-potential-coupled  acoustic 
phonons  (A)  and  the  inelastic  scattering  (in)  is 
from  LO  phonons  (O). 

P xx  ^  F  RA)FtX+ R0Fm,  (3) 

where 


£  (Af'+M+l)  f  d E 

M'M  ”°° 


*/(g) 

3£ 


Xlm[GM,(£)]  Im [GM(E)]9 


and 


Fin=  £  f  dE(f(E)-f(E  +  hcoLO)) 

M'M  ”°° 

Xlm [GM,(E  +  h<oLO)]  Im[GM(£)]- 

Im[GM(£)]  is  the  imaginary  part  of  the  Green’s 
function,  which  for  the  Mth  Landau  level  is 
GM(E)  =  [E-EM-I,M(E)ri  with  Em  =  (M  + 
1/2 )ho)c  and  the  self-energy 

Zm(E)  =  L[(Wimp+Wa)Gm,(E) 

M' 

+  Wo(N0  +f(E  —  Em,)) 

XGm'(E  +  ft^Lo) 

+  Wo(N0  +  l-f(E-EM.)) 

X  GM’( E  —  ho)LO)] ;  (4) 

f(E)  is  the  Fermi-Dirac  electron-distribution 
function  and  N0  is  the  LO-phonon  occupation 
number.  The  Wi  are  also  matrix  elements  closely 
related  to  the  Rh  the  exact  forms  of  which  are 
given  in  Ref.  [9].  Eqs.  (3)  and  (4)  must  be  solved 
self-consistently  for  GM,  and  then  the  density  of 
states  and  pxx  may  be  calculated. 
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Fig.  4.  The  broadening  of  the  first  4  Landau  levels  showing 
strong  modulation  in  magnetic  field.  This  modulation  is  much 
greater  when  electrons  can  both  emit  and  absorb  LO  phonons 
as  is  the  case  for  the  M  =  1,2  and  3  levels  around  24  T,  but 
only  for  the  M  =  2  and  3  levels  at  12  T. 

The  result  of  performing  a  full  self-consistent 
calculation  for  the  Landau  level  width  is  shown  in 
Fig.  4  as  a  function  of  magnetic  field.  In  marked 
contrast  to  calculations  using  a  short-range  scat¬ 
tering  approximation  which  predict  the  same 
width  for  each  LL  and  a  monotonic  ]/B  increase, 
we  see  large  increases  at  the  MPR  condition 
producing  a  level  width  that  oscillates  in  field. 
These  additions  to  the  usual  ^[B  increase  are 
different  for  each  Landau  level,  because  of  the 
differences  in  energy  averaging,  and  are  greater 
when  the  electrons  can  emit  as  well  as  absorb  LO 
phonons. 

Thus,  there  are  two  sources  of  MPR  oscilla¬ 
tions  in  the  resistivity:  maxima  in  the  overlap 
integral  for  inelastic  scattering  Fin,  giving  the 
expected  increase  in  resistivity  at  resonance;  and 
maxima  in  F  from  the  oscillating  LO-phonon 
contribution  to  the  level  broadening,  which  de¬ 
crease  both  the  elastic  and  inelastic  scattering 
rates  at  resonance.  The  size  of  the  resulting  MPR 
oscillations  in  pxx  will  depend  on  the  relative 
sizes  of  the  elastic  and  inelastic  terms  in  Eqs.  (3) 
and  (4).  In  addition,  the  sharpness  of  the  reso¬ 
nance  will  be  different  for  the  two  cases,  since 
they  involve  averages  over  different  LLs  with 
markedly  different  widths,  as  shown  in  Fig.  4. 
When  the  two  effects  produce  similar  amplitudes 
in  opposite  senses  this  results  in  a  compensated 


line  shape  rather  than  the  complete  disappear¬ 
ance  of  the  MPR.  This  looks  like  the  second 
derivative  at  a  sharp  peak,  i.e.  has  a  minimum  at 
the  resonance  position  with  subsidiary  maxima  on 
either  side.  In  the  limits  where  one  scattering 
process  dominates,  the  MPR  will  be  weak,  as  the 
oscillatory  parts  approximately  cancel  and  the 
scattering  rate  remains  constant. 

To  understand  the  factors  that  determine  the 
observed  MPR  amplitudes  it  is  necessary  to  in¬ 
vestigate  the  matrix  elements  further.  The  Wt  are 
proportional  to  the  energy  relaxation  rate  l/rq, 
as  the  level  broadening  is  sensitive  to  all  scatter¬ 
ing  events.  However,  in  evaluating  the  resistivity 
the  momentum  transferred  in  a  scattering  event 
has  to  be  considered,  so  the  Rt  depend  on  the 
momentum  relaxation  rate  l/rt.  For  phonon 
scattering  rt  ~  rq,  but  for  remote  ionised  impurity 
scattering  rt/rq(=  A)  »  1.  Hence,  WlMP  makes  a 
relatively  larger  contribution  to  Eq.  (4)  than  does 
R1M p  in  Eq.  (3).  Therefore,  if  the  inelastic  terms 
increase  relative  to  the  elastic  terms,  the  cross¬ 
over  from  domination  by  elastic  to  inelastic  scat¬ 
tering  will  occur  first  in  Eq.  (3). 

The  inelastic  terms  depend  on  the  LO-phonon 
population,  so  on  increasing  the  temperature  the 
MPR  amplitude  will  first  increase  as  R0  in¬ 
creases  relative  to  RIMP,  and  then  decrease  once 
WQ  starts  to  dominate  JTIMP.  Thus,  we  have  ex¬ 
plained  the  observation  of  a  maximum  amplitude 
as  a  function  of  temperature  [2].  This  occurs  at 
150  K  for  the  N  =  4  resonance  and  at  higher 
temperatures  for  the  harmonics  at  higher  mag¬ 
netic  fields  since  the  elastic  terms,  being  very 
sensitive  to  the  number  of  states  in  a  LL,  increase 
faster  than  the  elastic  ones  in  field.  At  a  fixed 
temperature,  the  amplitude  will  increase  first  with 
magnetic  field  as  JTIMP  overtakes  W0  until  RmP 
passes  Rq  leading  to  the  suppression  of  the  high 
field  resonances  seen  in  Figs,  la  and  3. 

Fig.  5  shows  calculations  of  pxx  for  a  sample 
with  Lz  =  400  A  and  nc  =  lx  1015  m-2  at  150  K, 
using  values  of  A  from  1  to  1000  but  fixed  total 
impurity  density.  This  variation  in  A  corresponds 
to  changing  from  isotropic  impurity  scattering 
appropriate  to  background  impurities,  to  mostly 
small-angle  scattering  from  remote  ionised  impu¬ 
rities.  Several  interesting  aspects  of  the  theory 
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Fig.  5.  The  calculated  magnetoresistance  for  a  sample  with 
nQ  —  1X1015  m”2  at  150  K.  The  value  of  A  increases  from  1 
to  1000  as  indicated.  The  parameters  used  correspond  to 
sample  G650,  with  a  400  A  spacer,  for  which  A  is  measured  to 
be  150. 


are  apparent  in  this  figure.  When  A  is  small  there 
is  a  large  background  magnetoresistance  and  a 
very  pronounced  differential  lineshape.  For  large 
A  the  resistance  is  much  lower,  since  then  most 
scattering  events  only  involve  a  small  change  in 
momentum.  Also  the  negative  going  part  of  the 
resonance  is  not  observed  as  WlM?  is  now  much 
greater  than  RmP. 

In  these  calculations  both  the  oscillatory  and 
background  parts  of  pxx  are  found  directly,  re¬ 
producing  the  experimental  data.  By  contrast, 
earlier  approaches  only  found  the  oscillatory  part 
[4,10]  or  a  constant  background  in  the  field  region 
of  interest  [11,12].  If  a  self-consistent  density  of 
states  is  not  used  pxx  can  only  increase  at  the 
MPR  condition  Eq.  (1),  due  to  the  maximum  in 
the  energy-overlap  integral.  This  inevitably  leads 
to  larger  oscillations  at  higher  B  where  the  num¬ 
ber  of  states  at  the  centre  of  the  LLs  is  greater. 
Thus,  the  decrease  in  oscillation  amplitude  at 
high  field,  seen  in  Fig.  lb,  could  not  be  repro¬ 
duced.  Calculations  that  are  not  fully  self-con¬ 


sistent  also  lead  to  very  substantial  overestimates 
of  the  oscillations  or  use  much  larger  values  of  T0 
than  predicted  by  the  low-temperature  mobility. 

The  general  behaviour  seen  in  the  experiments 
has  thus  been  explained:  (i)  At  low  magnetic 
fields  and  high  temperatures  OPS  has  a  much 
greater  effect  on  pxx  than  does  elastic  scattering; 
so  oscillations  in  the  LO-phonon  scattering  rate 
Fin  lead  directly  to  MPR  oscillations  in  pxx  as 
described  phenomenologically  by  Eq.  (2).  (ii)  At 
high  magnetic  fields  the  high  DoS  produced  by 
narrow  LLs  means  pxx  has  a  large  contribution 
from  elastic  scattering.  In  this  case  the  increase  in 
r  at  a  resonance  in  OPS  reduces  the  elastic 
scattering,  compensating  for  the  increase  in  OPS 
and  resulting  in  smaller  MPR  oscillations  being 
observed  in  pxx.  By  comparison  in  3D  or  dirty 
samples  there  will  always  be  a  considerable  num¬ 
ber  of  states  between  the  Landau  levels  and  so 
only  the  resonances  in  Fin  will  be  important  and 
not  the  oscillating  DoS.  (iii)  (a)  At  lower  temper¬ 
atures  OPS  is  reduced  relative  to  the  elastic  con¬ 
tribution  and  so  case  (ii)  will  be  relevant  at  lower 
magnetic  fields,  (b)  At  a  fixed  temperature  and 
magnetic  field,  where  strong  MPR  is  expected, 
the  amplitude  will  be  greatest  in  samples  with  the 
largest  value  of  A  since  then  there  will  be  the 
smallest  oscillations  in  T. 

In  summary  we  find  that  in  contrast  to  the 
large  number  of  previous  measurements  of  mag¬ 
netophonon  resonance  in  the  resistivity  where  the 
amplitude  of  the  resonances  increases  exponen¬ 
tially  towards  higher  magnetic  fields  there  is  a 
strong  reduction  of  amplitude  at  high  magnetic 
fields.  The  amplitude  decreases  rapidly,  leading 
to  the  complete  disappearance  of  the  N  =  1  reso¬ 
nance  in  certain  situations,  and  a  second  differ¬ 
ential  form  of  lineshape  for  others.  This  can  be 
explained  by  calculations  that  consider  all  the 
scattering  mechanisms  self-consistently  in  calcu¬ 
lating  both  the  density  of  states  and  the  resistiv¬ 
ity.  The  disappearance  of  the  MPR  is  due  to  this 
self-consistency  forcing  the  total  scattering  rate  to 
remain  constant. 
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Abstract 

In  asymmetric  double  quantum  wells,  the  “spin”  splitting  of  the  hole  subbands  at  finite  parallel  momentum,  due 
to  the  asymmetric  potential,  is  related  to  a  “spin”  dependent  delocalization  of  the  wavefunction  over  the  two  wells. 
We  show  that  the  application  of  an  electric  field  parallel  to  the  interfaces  in  a  p-doped  asymmetric  double  quantum 
well  can  exploit  such  spin-dependent  tunneling  probability  and  separate  carriers  of  opposite  spins  into  the  two  wells, 
yielding  a  macroscopic  magnetic  moment  of  different  magnitude  and  either  the  same  or  opposite  direction  in  the  two 
wells. 


Asymmetric  double  quantum  wells  (ADQWs) 
are  receiving  much  attention  for  the  possibility  of 
studying  tunneling  processes  by  optical  means; 
due  to  the  different  size  quantization  of  the  two 
wells,  selective  excitation  in  one  well  is  made 
possible  and  optical  recombination  after  tunnel¬ 
ing  can  be  detected  [1-3]. 

The  hole  subbands  in  GaAs / AlGaAs  quantum 
wells  (QWs)  are  complicated  functions  of  the 
momentum  parallel  to  the  interfaces  due  to 
the  heavy  (HH)  and  light  (LH)  hole  mixing  [4].  In 
asymmetric  structures,  in  addition,  the  “spin” 
degeneracy  is  removed  [5].  We  have  pointed  out 
that  in  ADQW  the  “spin”  splitting  is  crucially 
related  to  tunneling  since  the  asymmetry  comes 
into  play  only  for  states  with  penetration  length 
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larger  than  the  barrier  and  have  shown  that  the 
“spin”  splitting  is  related  to  a  different  delocal¬ 
ization  of  the  two  “spin”  states  over  the  two  wells 
[6].  Due  to  time  inversion  symmetry,  at  ±fc(|  ei¬ 
ther  |  or  l  states  tunnel  preferentially  to  the 
adjacent  well  preventing  polarized  tunneling  from 
being  detected  in  any  optical  measurement  which 
implies  averaging  over  the  reciprocal  space.  We 
suggest  that  the  application  of  an  in-plane  elec¬ 
tric  field  in  p-doped  ADQWs,  by  unbalancing  the 
occupation  of  ±k^  states,  may  lead,  through  pref¬ 
erential  tunneling,  to  the  appearance  of  a  macro¬ 
scopic  magnetic  moment  in  the  plane  of  the  wells. 

We  consider  GaAs/GaAlAs  ADQWs  grown 
along  the  x  direction  and  we  model  the  valence 
band  by  the  Luttinger  4x4  effective  Hamilto¬ 
nian,  written  in  the  basis  Jz  =  (3 /2,  - 1  /2,  1  /2, 
-  3 /2),  which  we  solve  numerically  to  get  energy 
levels  and  eigenfunctions  [6].  At  each  in-plane 
wavevector  k{l  the  eigenstates  can  be  labelled 
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with  T  or  j  since  the  Hamiltonian  can  be  sepa¬ 
rated  in  two  2X2  blocks  [4,5],  With  this  labelling 
the  eigenvalues  of  the  two  2x2  blocks  display 
time  reversal  symmetry  of  E(k ^  T)  =  E(—kp  J,), 
and,  for  centro-symmetric  potentials,  also 
E(kp  T )  =  E{kv  J,),  i.e.  “spin”  degeneracy. 
Therefore  we  will  use  throughout  “spin”  as  a  way 
of  labelling  the  Kramers  related  states,  since  nei¬ 
ther  the  electron  spin,  nor  the  total  angular  mo¬ 
mentum  are  good  quantum  numbers. 

We  show  in  Fig.  la  the  first  three  T  and  i 
subbands  of  a  55/30/40  A  ADQW;  the  hole 
subbands  of  the  parent  single  QWs  (SQWs)  are 
shown  for  comparison.  The  labels  indicate  the 
HH  or  LH  character  at  k^  =  0  and  the  super¬ 
scripts  WW  (wide  well)  or  NW  (narrow  well) 
refer  to  the  SQW  from  which  the  subbands  arise. 
Appreciable  splitting  appears  at  k  ^  0,  particu¬ 
larly  for  the  HH^W  and  LH^W  subbands,  as  a 
consequence  of  the  asymmetry.  The  splitting  is 
due  to  different  localization  of  the  wavefunction 
of  the  two  “spin”  partners  over  the  two  wells  as 
shown  in  Fig.  lb,  where  we  plot,  as  a  function  of 
kp  the  fraction  of  charge  density  of  either  “spin” 


that  delocalize  in  the  adjacent  well.  Even  if  the 
NW  and  WW  subbands  in  this  ADQW  are  not  in 
resonance,  a  finite  amount  of  charge  (up  to 
~  25%)  tunnels  at  finite  k^  into  the  adjacent 
well;  the  amount  of  delocalization  is  strongly 
“spin”  dependent  so  that  the  spilling  charge  is 
basically  of  only  one  “spin”  orientation.  At  nega¬ 
tive  ity’s  the  opposite  “spin”  labelling  applies  so 
that  on  average  no  macroscopic  polarization  ap¬ 
pears.  Note  also  that  this  “spin”  dependent  delo¬ 
calization  is  effective  only  over  a  limited  range  of 
kp  namely  where  spin-orbit  coupling  (linear  in 
kl{)  dominate  over  the  quadratic  kinetic  energy. 

We  show  next  how  the  above  “spin”-  and 
^-dependence  of  the  wavefunction  can  be  ex¬ 
ploited  via  an  in-plane  electric  field  to  induce 
different  populations  of  |  and  l  “spins”  in  the 
two  wells.  In  Fig.  2  we  sketch  a  spin-split  hole 
subband  for  a  p-doped  ADQW  and  the  corre¬ 
sponding  charge  distribution  in  the  device  for 
each  “spin”  state  at  ±kp  We  have  taken,  as  an 
example,  a  WW  subband  so  that  the  wavefunc- 
tions  are  mainly  localized  in  it,  but  for  one  of  the 
two  “spin”-split  bands  (the  higher  in  energy)  a 


Fig.  1.  (a)  First  three  hole  subbands  of  a  GaAs/Al0.25Ga075As  55/30/40  A  ADQW,  along  the  (10)  in-plane  direction.  Solid  lines: 
f  states.  Dashed  lines:  i  states.  Dotted  lines:  hole  subbands  of  the  55  and  40  A  SQWs;  The  labels  HH  and  LH  refer  to  the 
character  of  the  states  at  =  0  and  WW  and  NW  to  their  localization,  (b)  Percentage  of  charge  tunneling  in  the  adjacent  well  for 
the  three  subbands  in  (a).  Solid  lines:  T  states.  Dashed  lines:  i  states.  See  text. 
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Fig.  2.  Sketch  of  a  “spin”-split  subband  in  ADQW  around 
fc|l  =  0.  Solid  line:  t  states.  Dashed  line:  f  states.  Dashed 
dotted  line:  Fermi  energy  with  applied  in-plane  electric  field. 
In  the  insets  the  charge  density  distributions  of  the  “spin”-split 
subband  is  sketched.  See  text. 

small  fraction  of  “spin”  is  transferred  to  the  NW 
(small  arrows).  Obviously,  at  zero  electric  field  no 
net  polarization  appears  since  positive  and  nega¬ 
tive  fry  are  equally  occupied  and  f  and  J,  trans¬ 
ferred  “spins”  cancel  out.  If  an  in-plane  external 
electric  field  E  is  applied,  however,  the  Fermi 
surface  displaces  in  the  direction  parallel  to  the 
field  (dashed-dotted  line  in  Fig.  2),  and  T  and  | 
transferred  “spins”  become  unbalanced.  The  ac¬ 
cumulation  of  “spin”  of  a  given  sign  is  only  lim¬ 


ited  by  the  two  spin-conserving  scattering  pro¬ 
cesses  indicated  by  the  arrows  in  Fig.  2,  which 
tend  to  re-establish  the  equilibrium. 

The  labelling  f  i  can  be  given  a  transparent 
physical  meaning  in  terms  of  the  expectation  val¬ 
ues  of  the  components  of  the  total  angular  mo¬ 
mentum  J  calculated  over  f  and  f  states.  It  can 
be  shown  that  the  only  non-zero  components  of  J 
are  those  in  the  plane  of  the  interfaces:  they 
constitute  a  two-component  vector  (J^)  which 
lies  in  the  direction  perpendicular  to  and  with 
opposite  direction  for  the  two  “spin”  states.  It  is 
easy  to  show  that  <  J^)  ->  0  for  HH  while  </||)  -> 
±1  for  LH  as  -» 0,  since  at  small  the  two 
“spin”  states  are  combinations  of  Jx  =  ±3/2  and 
of  Jx=  ±  1/2  states,  respectively.  The  modulus 
of  </||>  is  shown  in  Fig.  3a  as  a  function  of  for 
the  three  subbands  of  Fig.  1.  Each  pair  of  curves 
refers  to  the  two  “spin”  states.  For  an  asymmetric 
structure,  the  two  curves  are  different  and,  conse¬ 
quently,  a  net  magnetic  moment  arises;  we  show 
in  Fig.  3b  the  sum  of  the  two  vectors  (J^)^  and 
( /y )  j,  multiplied  by  the  charge  density  p  in  ei¬ 
ther  well.  The  results  clearly  show  that  preferen¬ 
tial  “spin”  tunneling  yields  a  net  magnetic  mo¬ 
ment  in  each  well.  Note  that  the  magnetic  mo¬ 
ment  is  different  from  zero  in  the  same  range  of 


(a) 


(b) 


0.04 


Fig.  3.  (a)  Total  angular  momentum  in  the  plane  of  the  interfaces  and  perpendicular  to  for  the  three  subbands  of  Fig.  la  as  a 
function  of  kr  Solid  lines:  HH^  subband.  Dashed  lines:  HH^W  subband.  Dotted  lines:  LH^W  subband.  For  each  subband,  two 
curves  are  shown  for  I  states.  The  two  curves  are  slightly  different  due  to  the  asymmetry  of  the  potential.  Note  also  that 
</  >  -y  0,  ±  1  for  pure  HH  and  LH,  respectively,  (b)  Total  angular  momentum  summed  over  the  two  “spin”  states  and  projected 
over  the  WW  (left  panel)  and  in  the  NW  (right  panel). 
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Fig  4.  Calculated  slope  of  </||)W  (solid  line)  and  </||)N  (dashed 
line)  as  a  function  of  the  Fermi  energy  with  r  =  1  ps  and  a 
temperature  of  10  K.  The  </||)W(N)  appearing  in  the  55/30/40 
A  ADQW  with  an  applied  electric  field  is  sketched  in  the 
inset  for  an  ADQW  with  the  Fermi  energy  indicated  by  the 
vertical  dotted  line. 

jfcu  where  the  wavefunctions  delocalize,  according 
to  Fig.  lb.  This  magnetic  moment,  however,  is 
reversed  for  negative  values  of  so  that  it  aver¬ 
ages  to  zero,  unless  an  electric  in-plane  field  is 
used  to  unbalance  the  occupation  of  ±k^  states 
as  we  do  next. 

In  order  to  estimate  the  average  total  angular 
momentum  per  electron  (/||>W(N)  in  the  WW 
(NW)  we  calculate 

e  /uupX’/..  «*..  (!> 

o-=  T ,  1 

where  p^(N)  is  the  charge  density  in  the  WW 
(NW)  for  a  state  at  with  “spin”  a,  (J^ak^  is 
the  expectation  value  of  for  that  state  and  fk 
is  the  distribution  function;  a  summation  over  all' 
subbands  is  understood.  We  have  introduced  the 
above  described  scattering  mechanisms  within  the 
relaxation-time  approximation  by  assuming 

(2) 

where  /0  is  the  Fermi  distribution  function  and  r 
is  the  relaxation  time  for  spin-conserving  pro¬ 


cesses  [7].  This  is  appropriate  for  low  fields  and 
results  in  a  linear  dependence  of  (/||)W(N)  on  the 
modulus  of  the  electric  field  E  with  a  slope 
C(Ef )  which  only  depends  on  the  Fermi  energy. 
Moreover,  we  have  used  the  axial  approximation 
for  the  in-plane  dispersion  of  the  hole  subbands 
in  calculating  the  above  averages  over  k^.  These 
approximations  should  not  affect  qualitatively  the 
result,  except  for  EF  near  to  the  subband  edges, 
since  then  ( er/h)E  ~  kF. 

In  Fig.  4  we  show  the  calculated  slope  C(EF) 
as  a  function  of  the  Fermi  energy.  The  average 
momentum  in  either  well  has  a  finite  value  and 
either  the  same  or  opposite  direction  in  the  two 
wells.  The  ADQW  under  an  applied  electric  field 
results  in  a  system  of  spins  with  either  ferromag¬ 
netic  or  antiferromagnetic  coupling  between  the 
two  layers.  This  could  give  rise  to  interesting  new 
effects.  In  conclusion  we  have  shown  that  an 
applied  in-plane  electric  field  in  properly  de¬ 
signed  p-doped  ADQW  can  give  rise,  through 
“spin”  dependent  tunneling,  to  a  finite  magneti¬ 
zation,  with  different  orientation  and  magnitude 
in  the  two  wells. 

We  thank  J.C.  Maan  for  useful  discussions. 
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Abstract 

The  Shubnikov-de  Haas  (SdH)  effect  is  observed  in  highly  silicon  doped  InAs^Sb^/InSb  strained  layer 
superlattices  with  nominal  x  values  of  0.8  and  0.9.  Virtually  100%  activation  of  the  silicon  as  a  donor  is  found 
provided  that  the  growth  temperature  is  kept  below  about  350°C.  For  the  InAs02Sb08/InSb  combination  two-di¬ 
mensional  behaviour  is  observed.  For  InAsaiSb0-9/InSb  up  to  three  SdH  periods  are  observed  depending  on  the 
doping  level  and  superlattice  periodicity.  These  series  do  not  follow  the  l/cos(9  dependence  typical  of  2D.  These 
SdH  peaks  can  be  interpreted  quantitatively  as  “belly”,  “neck”  and  “elliptic”  orbits  using  a  nearly-free  electron 
model.  Magnetic  breakdown  is  believed  to  be  present.  Numerical  calculations  are  presented  for  the  band  structure 
of  the  superlattices. 


1.  Introduction 

InAs^Sb^  alloys  represent  the  only  III-V 
material  system  having  a  band  gap  capable  of 
detecting  in  the  atmospheric  window  centred  at 
10  ixm  wavelength.  The  ten  micron  sensitivity 
arises  from  large  band  bowing  effects.  At  low 
temperatures,  the  alloy  band  gap  reaches  a  mini¬ 
mum  value  of  about  0.14  eV  for  a  composition 
(x)  =  0.65  (this  gap  corresponds  to  about  9  fi m 
wavelength).  The  band  gap  can  be  narrowed  even 
further  by  growing  strained  layer  superlattices 
(SLS)  of  InAs^^Sb^/InSb  (the  lattice  constants 
of  InAs  and  InSb  differ  by  7%).  Earlier  work  at 
Sandia  Laboratories  [1]  has  shown  that  good 
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quality  SLS  consisting  of  InAs0 13Sb087/InSb  are 
possible  and  that  a  type  II  band  alignment  results 
with  the  conduction  band  edge  in  the  alloy  lying 
lower  in  energy  than  the  band  edge  in  InSb.  Band 
edge  photoluminescence  at  12  jum  wavelength 
has  been  reported  with  this  structure. 

In  this  paper,  we  report  the  first  Shubnikov-de 
Haas  (SdH)  measurements  on  highly  silicon  doped 
InAs  j.^Sb^./ InSb  SLS  with  nominal  x  values  of 
0.8  and  0.9. 

2.  Sample  structures 

The  samples  were  grown  in  a  Vacuum  Genera¬ 
tors  V80H  MBE  System.  The  superlattice  con¬ 
sists  of  100  quantum  wells  with  a  period  of  200 
(or  300)  A  formed  by  100  (150)  A  InSb  and  100 


Elsevier  Science  B.V. 

SSDI  003 9-6 028(93 )E0703-W 


338 


T.  Le  et  al  /Surface  Science  305  (1994)  337-342 


(150)  A  InAs^Sb^  layers,  respectively,  where 
x  =  0.8  and  0.9.  The  compositions  (x)  quoted  are 
nominal.  Double  crystal  X-ray  diffraction  mea¬ 
surements  have  confirmed  that  the  superlattices 
are  unrelaxed  and  some  considerable  deviation  in 
the  precise  values  of  x  were  revealed  in  these 
measurements.  The  details  of  the  samples  investi¬ 
gated  are  given  in  Table  1. 

The  structures  were  all  grown  on  semi-insulat- 
ing  GaAs  substrates  with  typically  2  /im  thick 
InAsj.^Sb^  buffer  layers,  where  x  =  0.90  or  0.95, 
respectively.  For  some  samples  InAs  layers  were 
also  inserted  between  the  GaAs  substrate  and  the 
InAsj.^Sb^  buffer.  Apart  from  samples  A  and  B, 
the  samples  were  Si  doped  only  in  the  wells. 

Two  growth  temperatures  were  chosen,  440 
and  340°C,  in  order  to  examine  the  amphoteric 
behaviour  [2]  of  the  silicon  in  these  structures. 
The  three  structures  grown  at  440°C  having 
InAs08Sb02  in  the  wells  (A  to  C)  all  have  a 
carrier  concentration  deduced  from  the  SdH  ef¬ 
fect,  which  is  60%  of  the  silicon  concentration. 
Sample  D  grown  at  a  lower  temperature  of  about 
340°C  shows  approximately  100%  activation.  At 
this  growth  temperature,  n-type  silicon  doping  is 
possible  up  to  concentrations  of  about  10 18  cm“3 
without  significant  autocompensation. 

In  a  SLS  structure,  the  hydrostatic  component 
of  the  tension  reduces  the  mean  band  gap  while 
the  biaxial  component  splits  the  degeneracy  of 
the  valence  band  maximum  and  introduces  an 


anisotropic  valence  band  structure,  with  the  high¬ 
est  band  in  the  InAs^Sb^  layers  being  light 
(/  =  3 /2,  rrij  =  1  /2)  along  the  growth  direction. 
The  unstrained  valence  band  offset  can  be  ap¬ 
proximated  [3]  as  (0.36  ±  0.04)  •  (xb  -xw)  eV, 
where  xb(w)  are  the  alloy  compositions  in  the 
barriers  (wells).  For  InAs02Sb08/InSb,  the  va¬ 
lence  band  offset  is  72  meV.  For  a  biaxial  strained, 
direct  gap  semiconductor  with  [001]  uniaxial 
strain,  the  energies  of  the  conduction  band  ( Ec ), 
out-of-plane  light-hole  (EhU)  and  heavy-hole 
(£hh)  bands  are  given  by: 

Ec  =  Eg  +  ac[  2  —  2C12/Cu]e, 

Eh  =  [~av[ 2  -  2 C12/Cn]  +  b[  1  +  2 C12/Cn]]e, 

El  =  [ -«v[2  -  2 C12/Cn]  -b[  1+  2 C12/Cn]] e. 

Ec ,  Eh  and  Eh  are  the  energies  of  the  conduc¬ 
tion,  heavy-hole  and  light-hole  band-edges;  EG  is 
the  unstrained  bandgap  of  the  alloy;  ac  and  av 
are  the  conduction  and  valence-band  deforma¬ 
tion  potentials;  b  is  the  shear  deformation  poten¬ 
tial;  Cmn  are  the  elastic  constants;  and  e  is  the 
biaxial  strain.  In  InAs02Sb08/InSb  SLS,  EC)  EH 
and  El  have  values  in  relation  to  the  unstrained 
valence  band  edge  of  InAs02Sb08  of  350,  94  and 
40  meV  for  the  InSb  barriers,  and  118,  -23  and 
31  meV  for  InAs02Sb08  wells,  respectively.  Con¬ 
versely,  for  InAs0 ^Sbog/InSb  SLS  these  values 
are  292,  47  and  20  meV  in  the  InSb  barriers  and 
168,  -11  and  16  meV  in  the  InAs01Sb09  wells. 


Table  1 

Superlattice  growth  parameters  and  electrical  data  deduced  from  Hall  and  SdH  measurements 


Sample 

I.D. 

Nominal  Si 
density 
(1018  cm"3) 

Well  Barrier 

Sb  compo¬ 
sition  (x)  in 
InAs^Sb*/ 

InSb  SLS 

Well/ 

barrier 

widths 

o  o 

A/ A 

T. 

(°C) 

„HaH 

(1018  cm-2) 

(cm2/V  •  s) 

SK 

(T) 

nSdH 

(1018  cm-2) 

Theory 
Ef  —  Ec 
(meV) 

Tilt 

behaviour 

A 

0.0 

1.0 

0.50 

100/100 

440 

0.36 

12000 

12.8 

0.62 

111 

2D  fair 

B 

1.0 

1.0 

0.42 

100/100 

440 

1.20 

8000 

24.8 

1.20 

164 

2D  good 

C 

1.0 

0.0 

0.62 

100/100 

440 

0.62 

11000 

12.4 

0.60 

109 

2D-like 

D 

1.0 

0.0 

0.60 

100/100 

330 

1.28 

4200 

22.8 

1.10 

155 

2D-like 

E 

0.2 

0.0 

0.95 

100/100 

340 

0.13 

45000 

8.3 

0.14 

74 

3D-like 

F 

0.5 

0.0 

0.92 

100/100 

340 

0.41 

26500 

16.9 

0.40 

111 

3D-like 

5.1 

2  freq 

G 

0.5 

0.0 

0.98 

150/150 

340 

0.39 

27400 

16.9 

0.40 

115 

3D-like 

13.6  3  freq 

11.4 
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The  energy  band  structure  of  this  novel 
strained  layer  superlattice  system  has  been  calcu¬ 
lated  by  numerically  solving  the  ID  Ben  Daniel- 
Duke  Hamiltonian  [4].  By  assuming  the  conduc¬ 
tion  band  edge  effective  mass  to  be 


W  alloy  (°)  =  "h*Sb 


Here  m*Iloy(0)  is  the  effective  mass  of  the  alloy  at 
zero  confinement  energy,  i.e.  ra*Uoy  is  assumed  to 
bow  in  the  same  way  as  the  energy  gap  Eg  in  the 
In(As,  Sb)  system,  Eg  equals  the  energy  gap  of 
the  In(As,  Sb)  alloy.  This  assumption  is  in  accord 
with  interband  magneto-optics  [5].  The  effective 
mass  at  an  energy  E  above  the  conduction  band 
edge  is  corrected  for  non-parabolicity  before  a 
new  wavefunction  and  a  new  E  are  recalculated. 
The  calculation  proceeds  self-consistently  until 
the  changes  in  E  and  m*lloy(£)  are  small  in 
comparison  with  the  uncertainty  in  the  other  pa¬ 
rameters  involved. 


3.  Results  and  discussion 

3.1 .  InAs1_xSbx/InSb  SLS  with  x  <  0.8 

All  four  samples  A,  B,  C  and  D  with  80% 
nominal  Sb  wells  exhibit  a  single  SdH  series.  In 


all  these  cases,  the  peaks  moved  upwards  in  field 
on  tilting  the  magnetic  field  away  from  the  axis  of 
the  superlattice.  With  sample  A,  however,  the 
shift  at  a  tilt  angle  of  35°  was  only  about  one  third 
that  expected  from  the  l/cos<9  relationship  for 
an  ideal  two-dimensional  electron  gas.  With  the 
other  samples,  the  l/cos<9  dependence  was  exact 
to  within  experimental  error.  The  deviation  from 
the  ideal  relationship  shows  that  there  is  signifi¬ 
cant  penetration  of  the  wavefunctions  through 
the  barrier  regions  for  sample  A. 

Further  evidence  for  superlattice  tunnelling  is 
provided  by  the  observation  of  several  peaks  in 
the  resistance  when  the  magnetic  field  is  applied 
parallel  to  the  wells.  Two  weak  peaks  were  also 
found  with  sample  B  in  the  parallel  field  orienta¬ 
tion.  However,  the  carrier  concentration  for  this 
sample  was  higher  than  for  the  other  three  sam¬ 
ples  so  the  peaks  observed  in  the  parallel  field 
orientation  could  also  arise  from  diamagnetic  de¬ 
population.  The  energy  band  calculation  for  this 
sample  shows  that  two  electronic  subbands  should 
be  occupied.  Space  charge  effects  resulting  from 
the  spatial  transfer  of  the  electrons  and  non-uni- 
form  distribution  of  the  localised  donors  are  fairly 
minor  and  not  taken  into  account.  We  believe 
that  the  SdH  peaks  from  higher  subbands  are  not 
observed  when  the  tilt  angle  is  zero  because  the 
mobility  is  insufficient  to  satisfy  the  condition, 


InSb  InAs  Sb 

0.2  0.8 


94 


72 

31 

40 

Reference 

E=0  meV 

-23 

248 


201 

C.B. 


V.B. 


InSb  InAs  Sb 

0.1  0.9 


U-J-H: 

-11 


Ih 

hh 


e=electron 
lh=light  hole 
hh=heavy  hole 


111  Energy  subbands 
(energy  in  me V,  kx>y  =0) 


Fig.  1.  Band  structure  and  subband  occupancies  for  samples  C  and  G. 
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(jlB  1.  It  should  also  be  noted  that  the  elec¬ 
trons  in  a  higher  subband  will  have  a  considerably 
greater  three-dimensional  character. 

The  “Dingle  temperature”  term  determining 
the  amplitude  of  the  SdH  series  may  be  written 
as  exp(-27 t/ilB)  for  a  three-dimensional  system 
but  as  exp(-7 r/jiB)  for  a  2DEG  [6].  Conse¬ 
quently,  the  amplitude  of  the  series  from  the 
higher  subband  is  expected  to  be  even  more 
strongly  damped  in  field.  No  structure  is  observed 
with  the  other  two  samples  when  0  =  90°.  The 
results  of  the  SdH  and  the  Hall  measurements 
are  summarised  in  Table  1. 

3.2.  InAs1_xSbx/InSb  SLS  with  x>0.9 

In  contrast  to  the  samples  with  x  ~  0.8,  none 
of  the  superlattices  with  x  ~  0.9  showed  l/cos<9 
behaviour  on  tilting  the  field.  This  is  not  surpris¬ 
ing  since  the  Fermi  energies  on  our  band  struc¬ 
ture  calculations  are  estimated  to  be  only  a  few 
meV  below  the  bottom  of  the  barriers  (Fig.  1). 

Fig.  2  shows  the  magnetoresistance  for  sample 
F  as  a  function  of  magnetic  field  for  two  orienta¬ 
tions,  (9  =  0°  and  90°.  Two  series  are  present.  The 
fundamental  field  of  the  lower  field  series  anoma¬ 
lously  decreases  with  tilt  angle  with  the  funda¬ 
mental  field  changing  from  5.06  T  at  0  =  0°  to 
2.33  T  at  90°.  The  higher  frequency  series  is 
almost  independent  of  tilt  angle  as  is  characteris¬ 
tic  of  3D  behaviour.  With  the  other  two  samples 
studied  at  this  composition  ( x  ~  0.9),  the  highest 


Fig.  2.  Experimental  recordings  of  resistance  against  field  for 
sample  F  for  <9  =  0°  to  90°. 


Fermi  surface 


_ >  B  field  perpendicular  to  superlattice  planes 

Orbit 

- ►  B  field  parallel  to  superlattice  planes 

Fig.  3.  Nearly  free  electron  model  showing  possible  orbits 
(note  neck  orbit  only  present  from  <9  =  0°  to  55°). 

field  series  was  also  essentially  independent  of  tilt 
angle. 

Good  agreement  between  carrier  concentra¬ 
tions  derived  from  the  Hall  and  the  SdH  mea¬ 
surements  is  obtained  if  the  3D  relationship 
(37rfl)2/3  =  (2e/h)Bf  is  employed  for  the  SdH 
case.  These  carrier  concentrations  are  close  to 
the  intended  doping  concentrations. 

The  presence  of  two  series  for  sample  F,  their 
dependence  on  tilt  angle  and  the  relative  values 
of  the  fundamental  fields  can  all  be  understood 
in  terms  of  a  nearly  free  electron  model.  The 
validity  of  such  a  model  depends  on  there  being 
strong  tunnelling  of  the  electron  wavefunctions 
into  the  barriers  as  will  happen  when  the  Fermi 
energy  is  near  the  top  of  the  wells.  The  Fermi 
vector,  kF  =  2.27  X  10s  m”1,  from  the  relation, 
kl  =  3Tr2n3D  (for  n3D  =  3.95  X  1017  cm-3),  is 
greater  than  the  minimum  wavevector  required  to 
reach  the  first  Brillouin  zone  boundary  kB  =  1.57 
X  108  m-1  (for  a0  =  200  A).  Consequently,  there 
is  one  intersection  at  the  zone  boundary  resulting 
in  two  occupied  minibands  (Fig.  3  shows  the 
Fermi  surface  on  an  extended  zone  scheme),  and 
“belly”,  “neck”  and  “elliptical”  orbits  are  ex¬ 
pected  as  indicated.  The  high  field  series  is 
thought  to  originate  from  the  belly  orbit.  This 
should  become  an  open  orbit  in  the  0  =  90° 
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configuration  at  low  fields.  However,  the  inde¬ 
pendence  of  tilt  angle  is  thought  to  arise  from  the 
occurrence  of  magnetic  breakdown  at  large  tilt 
angles.  There  is  a  high  probability  for  quantum 
tunnelling  or  “magnetic  break-down”  to  occur 
when  the  magnetic  field  B  is  equal  or  greater 
than  a  critical  field  Bc  applied  along  the  superlat¬ 
tice  planes,  where 

m*  (A E)2 


see  Ref.  [7].  AE  is  the  miniband  gap  at  the  zone 
boundary  and  EF  is  the  Fermi  energy.  Using  the 
minigap  which  results  from  the  band  structure 
calculations,  Bc  is  calculated  to  be  1.15  T  (taking 
m*  =  0.015m0  for  InAs01Sb09  at  zero  confine¬ 
ment  energy,  A  £  =  31  meV  and  EF  =  111  meV). 
The  lower  fundamental  field  is  attributed  to  an 
elliptical  orbit  which  becomes  circular  when  0  = 
0°.  This  picture  explains  rather  well  the  anisotropy 
found  experimentally  except  that  neck  orbits  are 
not  observed,  probably  because  this  series  could 


not  be  resolved  in  the  Fourier  analysis.  The  same 
model  involving  belly  and  elliptical  orbits  was 
used  sucessfully  to  interpret  the  two  series  ob¬ 
served  with  “nini”  doping  superlattices  in  GaAs 
[8].  In  this  case  also  separate  neck  orbits  were  not 
observed. 

In  order  to  investigate  further  the  validity  of 
the  nearly  free  electron  model,  structure  G  was 
grown  with  an  identical  concentration  of  dopant 
to  sample  F,  but  with  the  superlattice  period 
increased  from  200  to  300  A.  The  change  in 
superlattice  period  produces  an  additional  series, 
as  can  be  seen  in  Fig.  4,  which  shows  the  Fourier 
transform  as  a  function  of  tilt  angle. 

The  three  fundamental  fields  behave  in  a  quite 
distinct  manner  from  each  other  with  respect  to 
tilt  angle.  Two  series  can  be  identified  as  belly 
orbit  and  elliptical  orbit  as  these  have  similar 
characteristics  to  those  found  with  sample  F.  The 
elliptical  orbit  could  arise  from  the  occupancy  of 
the  third  Brillouin  zone  as  would  be  expected  as 
kF  remains  as  2.27  X  10s  m_1.  The  new  wavevec- 
tors  at  the  first  two  Brillouin  zone  boundaries 


Fig.  4.  Fourier  transform  of  SdH  data  for  a  number  of  tilt  angles  for  sample  G  (on  the  right).  The  left  picture  compares  theory  and 
experiment. 
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Table  2 


A  comparison  of  theory  and  experiment  for  sample  G 


Theory 

Experiment 

Angle  ( 6 ) 

ft  belly 

jgneck 

£  ellipse 

$  belly 

^neck 

^ellipse 

0 

17.00 

12.40 

12.40 

17.0 

13.3 

11.4 

11 

17.00 

14.41 

12.20 

16.8 

14.9 

10.3 

20 

17.00 

16.28 

11.76 

16.9 

16.9 

9.5 

30 

17.00 

18.51 

11.04 

16.3 

19.5 

9.1 

40 

17.00 

20.79 

10.16 

16.6 

20.4 

8.3 

55 

17.00 

23.99 

8.76 

16.9 

23.2 

7.5 

65 

17.00 

25.73 

7.94 

16.7 

7.3 

75 

17.00 

26.98 

7.33 

16.5 

6.6 

90 

17.00 

27.73 

6.97 

16.7 

6.7 

become  kB  =  1.04  X  108  m-1  and  2.08  X  108  m"1 
on  increasing  the  superlattice  period.  However, 
the  extremal  area  predicted  for  the  elliptical  orbit 
with  B  parallel  to  the  growth  direction  A  is  too 
small  and  any  electron  transfer  back  into  the  first 
two  zones  induced  by  a  finite  minigap  only  makes 
the  fit  worse. 

We  therefore  believe  that  transfer  between 
zones  is  significant,  and  that  only  two  zones  are 
occupied.  The  third  period  would  then  arise  from 
the  neck  orbits  associated  with  first  zone  elec¬ 
trons,  i.e.,  the  model  is  qualitatively  identical  to 
that  employed  for  sample  F  with  the  exception 
that  the  neck  orbits,  which  should  be  present  also 
with  sample  F,  are  now  resolved.  The  extremal 
cross-sectional  areas,  and  hence  the  fundamental 
fields,  were  calculated  as  a  function  of  tilt  angle 
on  a  completely  free  electron  model  (i.e.  neglect¬ 
ing  the  perturbations  of  the  orbits  away  from  the 
zone  boundaries). 

These  fields  are  listed  in  Table  2  and  shown  in 
Fig.  4.  It  is  seen  that  the  observed  behaviour  is 
reproduced  rather  well  theoretically  without  the 
use  of  any  fitting  parameter.  The  only  variables 
used  in  the  calculation  are  the  superlattice  period 
and  the  carrier  density  (i.e.  the  fundamental  field 
of  the  belly  orbit). 

With  the  more  lightly  doped  sample  E,  only  a 
single  series  is  observed.  For  the  carrier  concen¬ 
tration  of  1.35  X  10 17  cm-3  deduced  from  this 
series,  &F=1.58X108  m"1  which  is  virtually 
identical  to  kB.  No  significant  occupancy  of  the 
second  zone  is  therefore  anticipated.  This  sample 


has  the  highest  mobility  of  the  samples  investi¬ 
gated  with  45  000  cm2/V  •  s  which  is  close  to  the 
bulk  values  for  InSb  at  similar  doping  level. 


4.  Summary 

We  have  demonstrated  that  good  quality 
InAs j Sbx/InSb  SLS  (x>0.8  with  1.3%  mis¬ 
match)  can  be  grown  by  MBE.  n-Type  silicon 
doping  to  greater  than  1  X  10 18  cm-3  can  be 
achieved  in  such  structures  which  show  a  pro¬ 
nounced  SdH  effect. 
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Abstract 

Periodically  Si  spike  doped  GaAs  with  the  doping  period  in  the  range  100-830  A  was  studied  by  magnetore¬ 
sistance  measurements  in  tilted  fields  and  by  photoconductivity.  The  angular  dependence  of  the  Shubnikov-de 
Haas  oscillations,  in  conjunction  with  a  self-consistent  calculation  of  the  miniband  structure  is  used  to  construct 
the  Fermi  surface.  When  the  doping  period  decreases,  the  superlattice  potential  weakens,  and  the  magnetic 
breakdown  of  the  superlattice  Bragg  reflection  can  be  detected.  Photoconductivity  spectra  are  described  by  an 
absorption  threshold  at  the  Fermi  energy,  which  is  pushed  upwards  when  the  superlattice  period  decreases. 


Spike  doping  is  a  technique  which  can  be  used 
to  obtain  carrier  confinement  in  semiconductor 
microstructures.  In  spike  doped  GaAs,  a  sheet 
of  shallow  donor  atoms  is  localized  within  a  few 
monolayers  of  the  crystal.  The  carriers,  released 
from  the  shallow  donors,  are  confined  by  a  V- 
shaped  space  charge  potential,  a  8 -well.  In  peri¬ 
odically  Si  (5-doped  GaAs  ((5-superlattice),  sev¬ 
eral  equally  spaced  dopant  sheets  are  introduced 
in  the  crystal.  By  varying  the  spacing  between 
the  dopant  sheets,  the  strength  of  the  interac¬ 
tion  between  adjacent  8 -wells  can  be  tuned,  and 
the  system  can  be  taken  from  a  set  of  discon¬ 
nected  two-dimensional  systems  for  the  widely 
spaced  wells  to  an  essentially  anisotropic  three- 
dimensional  system  for  the  short  period  super¬ 
lattice.  The  effect  of  an  increasing  coupling  be¬ 
tween  adjacent  wells  when  the  superlattice  pe¬ 
riod  is  made  shorter  has  been  detected  by  optical 
and  magneto-transport  studies  of  <5 -doped  GaAs 
[1-4]. 


*  Corresponding  author.  Fax:  +55  (11)  814-0503. 


Periodically  Si-doped  GaAs  grown  by  MBE 
was  studied  by  Shubnikov-de  Haas  (SdH)  mea¬ 
surements  in  tilted  fields  (0-9  Tesla)  and  by 
photoconductivity  (PC)  at  2  K.  The  samples 
were  grown  by  MBE  by  S.M.  Shibli  of  the  In¬ 
stituto  de  Fisica  da  Universidade  de  Sao  Paulo. 
The  spacing  between  the  dopant  sheets  was  var¬ 
ied  from  830  down  to  100  A,  while  the  doping 
level  per  period  was  kept  constant  at  approxi¬ 
mately  2.0  x  1012  cm-2. 

First,  the  transverse  SdH  spectra  (field  ap¬ 
plied  parallel  to  the  growth  direction)  will  be 
discussed.  Fig.  1  shows  the  inverse  field  Fourier 
transform  for  samples  with  a  superlattice  pe¬ 
riod  in  the  range  830-100  A.  For  the  830  A 
sample,  the  (5-wells  are  disconnected,  and  three 
peaks  are  detected,  which  correspond  to  the  oc¬ 
cupancy  of  three  subbands.  The  occupancy  of 
the  ground-state  (El)  subband,  which  contains 
most  of  the  electronic  charge,  is  detected  only 
as  a  weak  peak  in  the  Fourier  spectrum,  be¬ 
cause  of  its  relatively  lower  mobility  due  to  the 
strong  localization,  or  short  binding  length,  of 
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the  El  electrons  [5],  When  the  (5-well  spacing 
is  decreased,  the  binding  length  rises,  and  so 
does  the  relative  strength  of  the  peaks  related  to 
the  ground-state  miniband  occupancy;  simulta¬ 
neously,  the  widths  of  the  minibands  increase, 
while  the  number  of  populated  minibands  is  re¬ 
duced.  For  the  100  A  sample,  most  of  the  elec¬ 
trons  are  in  the  ground-state  miniband,  which 
gives  rise  to  a  strong  peak  in  the  high  frequency 
range  of  the  Fourier  spectrum. 

The  peaks  Bt  in  the  Fourier  spectra  are  the  ex¬ 
tremal  cross  sections  A[  of  the  Fermi  surface  in 
a  plane  perpendicular  to  the  field  direction,  in 
units  of  h/lne.  In  order  to  interpret  quantita¬ 
tively  the  SdH  data,  it  is  necessary  to  know  the 
shape  of  the  Fermi  surface,  which  we  calculated 
self-consistently.  The  self-consistent  procedure 
included  the  conduction  band  non-parabolicity 
and  the  exchange-correlation  correction  in  the 
local  density  approximation.  The  input  param¬ 
eters  were  the  superlattice  period  and  the  sheet 
carrier  density  per  period.  Details  of  the  calcu¬ 
lation  procedure  are  given  elsewhere  [6]. 

The  Fermi  surface  has  the  growth  direction 
as  its  axis  of  symmetry,  and  can  be  represented 
by  its  rotationally  symmetric  cross  section.  The 


mag  field  (T) 


Fig.  1 .  Fourier  spectra  of  the  experimental  recordings  of  the 
inverse  field  Shubnikov-de  Haas  oscillations.  The  nominal 
spacing  between  the  <5-wells  for  each  curve  is  indicated. 


Fig.  2.  Cross  section  of  the  Fermi  surface  of  a  J-superlattice 
in  a  plane  containing  the  growth  axis.  The  divisions  on 
the  axes  are  in  units  of  n/a  (a  is  the  superlattice  period, 
indicated  for  each  structure). 

Fermi  surface  for  the  1 00  A  superlattice  is  shown 
in  Fig.  2  in  the  extended  zone  scheme.  The  outer 
curve,  recognized  as  a  cylinder  with  periodically 
modulated  cross  section,  is  the  Fermi  surface 
for  the  El  miniband,  whereas  the  next  mini¬ 
band  (E2)  gives  the  lens-shaped  surface  centered 
around  the  minizone  extremum. 

If  the  superlattice  period  is  increased,  the 
Fermi  surface  for  the  second  miniband  gradually 
swells  until  it  opens  at  the  center  of  the  Brillouin 
zone,  thus  changing  gradually  from  lens-like  to 
the  periodically  modulated  cylinder  shape,  and 
the  third  miniband  (E3)  starts  to  be  populated, 
which  gives  rise  to  a  new  Fermi  lens-like  sur¬ 
face  at  the  minizone  center,  as  for  the  220  A 
superlattice,  also  shown  in  Fig.  2.  Conversely, 
if  the  superlattice  period  is  reduced  from  100 
A,  electrons  are  transferred  from  the  second  to 
the  first  miniband,  whose  Fermi  surface  is  more 
strongly  modulated,  and  ultimately  closes. 

The  electronic  minibands  described  by  an 
open  Fermi  surface  will  contribute  to  the  trans¬ 
verse  SdH  oscillations  with  a  “belly”  and  a 
“neck”  frequency  (which  become  degenerate 
in  the  uncoupled  c5-well  limit)  while  the  mini¬ 
bands  described  by  a  closed  Fermi  surface  will 
be  characterized  by  a  single  frequency.  For  an 
open  (cylinder-like)  Fermi  surface,  the  extremal 
cross  section  in  a  plane  perpendicular  to  the 
field  direction  will  increase  when  the  direction 
of  the  magnetic  field  is  tilted,  and  will  be  fi¬ 
nite  only  below  a  critical  tilt  angle,  0C ,  above 
which  only  open  orbits  in  /c-space  are  allowed. 
For  a  closed  (lens-like)  Fermi  surface,  the  cross 
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section  decreases  when  the  field  is  tilted. 

These  opposite  tendencies  can  be  observed  in 
Fig.  3,  which  shows  the  Fourier  transform  of  the 
SdH  spectra  evolution  as  a  function  of  the  an¬ 
gle  between  the  growth  direction  and  the  mag¬ 
netic  field  (0).  For  the  170  and  220  A  samples, 
a  strong  peak  at  low  frequencies  is  displaced  to 
the  left  when  0  increases,  whereas  a  weak  peak  at 
high  frequency  moves  to  the  right.  The  low  fre¬ 
quency  peak  corresponds  to  a  partially  filled  sec¬ 
ond  miniband,  and  the  high  frequency  one  is  due 
to  a  filled  ground-state  miniband.  For  the  400 
A  structure,  two  peaks  are  detected  at  low  fre¬ 
quencies;  the  lower  frequency  one,  which  is  dis¬ 
placed  to  the  left  when  the  sample  is  tilted,  is  as¬ 
cribed  to  a  partially  filled  E3  miniband,  and  the 
one  that  moves  to  the  right  is  ascribed  to  a  full 
E2  miniband.  In  the  830  A  period  structure,  the 
peak  positions  scale  as  cos  0 ,  as  expected  for  a 
set  of  disconnected  2D  systems.  The  1 00  A  struc¬ 
ture  shows  a  single  peak  of  constant  frequency, 
which  is  indicative  of  a  3D  electronic  structure. 

The  angular  dependence  of  the  peak  positions 
detected  in  the  spectra  of  Fig.  3  is  shown  in  Fig.  4. 
Also  shown  by  solid  lines  are  the  theoretical  cross 
sections  of  the  Fermi  surface.  In  the  numerical 
calculations,  the  superlattice  period  was  taken 
equal  to  the  nominal  value,  and  the  total  sheet 
carrier  density,  nS9  was  adjusted  to  obtain  the 
best  agreement  between  the  calculated  extremal 
cross  sections  of  the  Fermi  surface  and  the  fre¬ 
quencies  (Bj )  for  6  =  0.  With  the  input  parame¬ 
ters  thus  fixed,  the  extremal  cross  sections  of  the 
Fermi  surfaces  were  calculated  for  all  tilt  angle 

Table  1 

Estimated  magnetic  field  (Tesla)  required  for  the  break¬ 
down  of  Bragg  reflection  of  the  electrons  in  the  E 1 ,  E2  and 
E3  minibands 


Superlattice 

period 

El 

E2 

E3 

100  A 

1.7ab 

_ 

_ 

170  A 

5.9 

- 

- 

220  A 

oo 

<  1.0a'b 

- 

400  A 

16.6 

4.8 

5.0b 

a  Breakdown  expected  from  hwcEF  >  A2. 
b  Experimental  points  persist  above  0C. 


interval  (0-90°). 

The  calculated  Fermi  surface  extremal  cross 
section  dependence  on  0  closely  match  the  mea¬ 
sured  frequencies  Bi,  however,  for  some  of  the 
samples,  described  by  an  open  Fermi  surface, 
agreement  is  only  obtained  below  the  critical  tilt 
angle  0C.  This  is  the  case  for  the  El  Fermi  sur¬ 
face  cross  section  of  the^  1 00  A  superlattice  ( 0C  ~ 
50°),  the  E2  of  the  220  A  one  (0C  ~  60°),  and  the 
E3  of  the  400  A  superlattice  (0C  ~  60°).  Above 
these  0C,  where  no  finite  extremal  cross  sections 
for  the  corresponding  Fermi  surface  miniband 
exist,  the  experimental  curve  persists. 

The  appearance  of  frequencies  above  the  crit¬ 
ical  angle  is  interpreted  in  terms  of  a  magnetic 
breakdown  of  Bragg  reflection  by  the  superlat¬ 
tice  planes.  The  magnetic  field  strength  required 
for  an  electron  to  cross  a  Bragg  plane  and  tran¬ 
sit  between  two  minibands,  separated  by  a  gap 
of  energy  A,  is  hwcE^  >  A2,  where  wc  is  the  cy¬ 
clotron  frequency  and  E f  is  the  Fermi  energy. 
The  calculated  magnetic  fields  required  for  the 
breakdown  of  Bragg  reflection  are  shown  in  Ta¬ 
ble  1 ,  and  clearly  support  the  hypothesis  of  mag¬ 
netic  breakdown. 

The  photoconductivity  spectra  at  2  K  for 
the  170,  220  and  400  A  S -superlattices  in  the 
energy  range  near  the  GaAs  band-edge  were 
measured  and  are  shown  in  Fig.  5.  The  spectra 
are  described  by  a  smooth  absorption  onset, 
which  blue-shifts  when  the  superlattice  period 
decreases;  this  is  a  consequence  of  the  increase 
of  the  Fermi  energy  [6].  The  theoretical  thresh¬ 
old  for  absorption  from  the  nth  hole  miniband, 
indicated  by  arrows  in  Fig.  5,  was  estimated  by 

^  ^threshold  “  T  BGR  Eq  T  Eip  -j- 

where  Eg  =  1.519  eV,  Vq  is  the  potential  bar¬ 
rier  between  the  wells,  EF  is  the  Fermi  energy 
measured  from  the  bottom  of  the  well,  Hn f  is 
the  hole  energy  at  the  Fermi  wave  vector,  and 
BGR  ~  -34  meV,  as  estimated  for  a  3D  elec¬ 
tron  gas  [7]. 

In  summary,  we  have  studied  the  magnetore¬ 
sistance  oscillations  in  GaAs  J-superlattices  in 
tilted  magnetic  fields.  These  can  be  interpreted 
in  terms  of  the  shape  of  the  Fermi  surface,  which 
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Fig.  3.  Fourier  transform  on  the  inverse  field  Shubnikov-de  Haas  oscillations.  The  tilt  angle  to  each  curve  is  obtained  by 
following  the  spectrum  baseline  to  the  right  side.  The  spacing  between  the  <5-wells,  corresponding  to  each  set  of  curves,  is 
indicated. 
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Fig.  4.  Open  circles  show  the  frequencies  Bt,  obtained  from  the  Fourier  spectra  of  Fig.  3.  The  area  of  each  circle  is  a  measure 
of  the  relative  intensity  of  the  Fourier  peak.  Solid  lines  are  the  Fermi  surface  cross  sections,  obtained  from  the  numerical 
calculations. 
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Fig.  5.  Photoconductivity  spectra  of  periodically  spike 
doped  GaAs.  The  spacing  between  the  <5-wells  is  indicated 
for  each  curve.  Theoretical  transition  thresholds  are  indi¬ 
cated  by  arrows. 

evolves  progressively  from  the  cylindrical  shape 
in  the  uncoupled  (5-well  limit,  and  approaches 
a  sphere  for  the  short  period  superlattices.  It  is 
shown  that  the  magnetic  breakdown  of  Bragg  re¬ 
flection  plays  an  important  role  in  these  systems, 
and  for  a  doping  period  below  100  A  the  elec¬ 
tronic  structure  is  effectively  three-dimensional. 
Photoconductivity  spectra  were  also  measured, 
and  the  spectra  obtained  are  consistent  with  the 
interpretation  of  the  transport  data.  The  model 
used  for  the  analysis  of  the  experimental  results 


is  simplified,  since  it  does  not  take  proper  ac¬ 
count  of  the  effect  of  magnetic  depopulation  of 
the  minibands  [8],  and  also  the  effects  of  light 
on  the  self-consistent  potential  for  electrons  and 
holes  and  its  consequences  on  the  photoconduc¬ 
tivity  spectra  [9]. 

This  work  is  supported  by  the  FAPESP 
Grant  No.  91/3336-9  and  the  CNPq  Grant  No. 
306335/88. 
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Abstract 

We  report  transverse  magnetic  focusing  experiments  on  two-dimensional  hole  systems  confined  in  square  and 
triangular  quantum  wells  grown  on  (311)A  GaAs  substrates.  The  focusing  barriers  are  oriented  along  different 
crystallographic  directions  and  allow  us  to  derive  the  constant  energy  contours  in  k-space.  The  results  indicate  a 
nearly  elliptical  shape  for  these  contours  which  we  interpret  in  light  of  a  lateral  surface  superlattice  induced  by 
corrugations  at  the  heterojunction. 


The  use  of  transverse  magnetic  focusing  (TMF) 
to  determine  the  dimension  and  shape  of  Fermi 
surfaces  was  proposed  by  Tsoi,  and  subsequently 
was  demonstrated  in  metals  such  as  Bi,  Sb,  W,  Cu 
and  Ag  [1].  Both  the  periodicity  in  magnetic  field 
and  the  shape  of  the  focusing  singularities  reflect 
the  size  and  geometry  of  the  momentum  space 
orbit.  TMF  was  also  realized  in  two-dimensional 
electron  systems  at  GaAs/AlGaAs  heterojunc¬ 
tions,  although  here  the  circular  Fermi  surface 
cross-sections  render  the  focusing  spectra  particu¬ 
larly  simple  [2-4].  Recently,  TMF  was  achieved 
[5]  in  two-dimensional  hole  systems  (2DHSs)  at 
GaAs/AlGaAs  heterojunctions,  where  the  more 
intricate  valence  band  structure  of  GaAs  can 
display  a  subset  of  the  variety  of  focusing  spectra 
found  in  metals.  Observation  of  TMF  in  2DHSs 
was  made  possible  by  recent  advances  in  the 
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growth  of  p-type  heterostructures  and  quantum 
wells:  molecular  beam  epitaxy  (MBE)  on  the 
(311)A  plane  of  the  GaAs/AlGaAs  system,  and 
using  Si  as  an  acceptor  dopant,  has  brought  about 
a  substantial  improvement  in  the  quality  and  mo¬ 
bility  of  the  confined  2DHSs  [5,6].  In  this  work 
we  present  a  study  of  the  directional  dependence 
of  TMF  spectra  taken  on  2DHSs  in  triangular  as 
well  as  square  GaAs  wells  grown  on  (311)A  sub¬ 
strates,  and  address  the  implications  the  experi¬ 
mental  results  bear  on  the  in-plane  energy  versus 
wave  vector  dispersion  relations  of  these  systems. 

TMF  is  achieved  by  drawing  a  current  through 
one  narrow  opening  (injector)  and  recording  the 
voltage  induced  in  a  second  opening  (collector) 
separated  from  the  injector  by  a  focusing  barrier 
of  length  L,  as  a  function  of  a  perpendicular 
magnetic  field,  B  (lower  part  of  Fig.  1).  In  a 
semi-classical  model  [7],  under  a  magnetic  field, 
the  path  in  k- space  coincides  with  the  constant 
energy  contours;  in  this  case  the  contour  defined 
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Fig.  1.  Correspondence  in  the  semi-classical  model  between 
hole  paths  in  k- space  (upper  figure)  and  in  real  space  (lower 
figure;  the  focusing  barrier  is  indicated  by  the  hatched  area): 
the  orbit  1-2  in  fc-space  leads  to  the  real  space  orbit  1-2  at 
field  £f,  1-2'  at  field  B(~2B{.  The  first  focusing  peak 
occurs  at  B{,  the  second  at  B{.  In  the  semi-classical  model  we 
have  B{  =  (h /eL)Aky. 

by  the  Fermi  energy  Ev  (Fig.  1).  To  this  corre¬ 
sponds  a  path  in  real  space  of  the  same  shape, 
but  rotated  by  tt/2  and  scaled  by  l/B .  A  chord 
of  the  real  space  orbit  fits  an  integer  number  of 
times  in  L  at  those  R-values  where  focusing 
peaks  appear.  The  periodicity  B{  of  the  signal  can 
then  be  related  to  the  k- space  dimension  A/c: 
Bf  =  ( h/eDtsk .  Hence,  the  experimental  value  of 
Bf  should  yield  the  value  of  Ak  in  the  direction 
perpendicular  to  the  focusing  barrier.  Orienting 
the  barrier  along  different  directions  yields  points 
on  the  constant  energy  contour  at  EF  (the  Fermi 
surface,  FS). 

The  sample  growth  on  GaAs(311)A  surfaces 
by  MBE  has  been  described  elsewhere  [6].  Briefly, 
2DHSs  were  formed  in  both  triangular  and  square 
wells.  An  anisotropy  in  the  mobility  \x  is  a  consis¬ 
tent  feature  of  all  our  samples:_  along  [233]  a 
higher  /x  is  found  than  along  [Oil].  The  ratio  of 
these  /x  is  sample  and  density  dependent,  and 


varies  between  1.5  and  3.  The  triangular  well  was 
realized  at  a  single  Al0  .35Ga0.  65As/GaAs  inter¬ 
face,  separated  from  the  Si  dopant  layer  by  a  210 
A  spacer.  For  unprocessed  samples  of  this  type, 
typical  sheet  densities  ( p )  and  [233]  mobilities 
(/xh)  were  p  =  2.7  X  1015  m”2  and  fih  =  31  m2/V 
•  s,  respectively.  The  square  well  samples  con- 

o 

sisted  of  a  150  A  wide  GaAs  layer,  flanked  on 
both  sides  by  undoped  Al030Ga070As  spacers 
and  Si  dopant  layers.  Spacers  in  this  case  were 
either  450  A  (unprocessed  p  =  3.3xl015  m"2 
and  jjih  =  120  m2/V  *  s)  or  325  A  (unprocessed 
p  =  4.5  X  1015  m-2  and  /xh  =  50  m2/V  ■  s).  Exper¬ 
imental  data  from  all  these  systems  exhibited 
qualitatively  similar  behavior;  in  this  paper  we 
concentrate  on  data  for  a  square  well  sample  with 
450  A  spacers. 

The  focusing  barriers,  each  of  equal  length 
(L  =  3  to  6  ijl m),  were  positioned  adjacent  to 
each  other  in  a  quarter  circle,  along  5  crystallo¬ 
graphic  directions  ranging  from  [233]  to  [Oil].  In 
this  arrangement  each  constriction  serves  in  turn 
as  collector  for  one  barrier  and  as  injector  for  the 
neighboring  barrier  (Fig.  2).  Lithographic  con¬ 
striction  widths  were  0.8  /xm.  The  TMF  patterns 
were  defined  by  wet  etching,  employing  two  dif¬ 
ferent  etchants:  an  H2S04 :  H202  :  H20  solution 
which  yielded  constrictions  with  beveled  side  walls 
for  barriers  parallel  to  [Oil],  and  a  more  isotropi¬ 
cally  etching  H3P04  :H202  :H20  solution.  Using 
the  latter,  no  beveling  was  noticed.  Experimental 
results  coincide  for  both  cases.  Also,  the  etch 
remained  shallow  and  did  not  reach  the  2DHSs. 
Thus  intrusion  of  possible  geometric  etching  ef¬ 
fects  in  the  observed  focusing  spectra  is  unlikely. 
Finally,  a  front  gate  was  deposited  over  all  active 
areas,  permitting  us  to  modify  p  and  hence  E¥. 
We  determined  p  from  the  transverse  magne¬ 
toresistance  of  a  nearby  Hall  bar.  The  TMF  mea¬ 
surements  were  performed  at  0.45  K  in  a  4-termi¬ 
nal  geometry,  using  a  low  frequency  lock-in  tech¬ 
nique  (more  details  can  be  found  in  Ref.  [5]). 

Fig.  3  shows  typical  TMF  spectra,  plotted  as 
collector  voltage  normalized  by  injector  current 
versus  B  (relevant  parameters  are  included  in  the 
figure).  Up  to  5  periodic  focusing  peaks  appear 
on  an  up-going  slope  for  one  polarity  of  B ,  while 
the  reverse  polarity  yields  a  flat  trace.  As  the 
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focusing  barrier  sweeps_through  the  5  orienta¬ 
tions  from  [233]  to  [Oil],  the  focusing  spectra 
change  in  shape  and  periodicity  Bf,  the  latter 
reaching  the  highest  value  for  a  barrier  along 
[233].  This  increase  in  Bf  and  variability  in  peak 
shapes  was  a  consistent  feature  in  all  samples. 

Fig.  4  shows  a  polar  plot  of  the  experimental 
Bf  of  Fig.  3  converted  to  Afc/2  values  for  the 
different  orientations.  Also  shown  are  such  polar 
plots  for  two  other  p  for  the  same  sample  ( p  was 
varied  via  the  front  gate).  Each  of  these  repre¬ 
sents  one  quarter  of  the  FS  at  different  EF  in 
A:-space.  The  inset  compares  one  of  our  experi¬ 
mental  contours  with  the  Fermi  circle  that  would 
be  obtained  for  the  same  p  assuming  an  isotropic 
dispersion.  At  a  same  p ,  the  two  contours  should, 
of  course,  enclose  the  same  area,  Sk  =  2ir2p.  The 
FS  derived  from  the  TMF  data  exhibits  a  marked 
elongation  along  the  [Oil]  direction,  while  along 
[233]  the  dimensions  are  correspondingly  short¬ 
ened,  in  accordance  with  the  requirement  of 
preservation  of  the  area  Sk.  The  experimental 
error  in  our  data  stems  mostly  from  the  precision 


Fig.  2.  Schematic  representation  of  the  sample  geometry  and 
4-terminal  measurement  setup.  The  T-shaped  focusing  barri¬ 
ers  are  wet  etched  on  the  2DHS,  arranged  in  a  quarter  circle 
along  different  crystallographic  orientations.  Ohmic  voltage 
and  current  contacts  are  represented  by  dots.  The  magnetic 
field  is  applied  perpendicular  to  the  sample  plane. 


Fig.  3.  TMF  spectra  for  different  orientations  of  the  focusing 
barrier  (collector  voltage  Vc  normalized  by  injector  current 
/j).  The  angle  between  the  focusing  barrier  and  the  [233] 
direction  is  indicated  by  0.  The  spectra  have  been  shifted  up 
for  clarity:  0  =  37t/8  by  5  fi;  6  =  tt/4  by  10  0  =  tt/8  by  15 

ft;  6  =  0  by  20  ft. 

to  which  we  can  ascertain  the  focusing  peak  posi¬ 
tions,  rather  than  from  lithographic  deviations 
and  we  estimate  it  at  about  7%.  For  the  data  of 
Figs.  3  and  4  this  error  can  account  for  the 
discrepancy  between  Sk  calculated  from  p  and 
from  the  experimental  FS.  The  distinct  near-el¬ 
liptical  shape  of  the  FS  constitutes  a  common 
property  of  all  samples  investigated  and,  in  the 
light  of  the  semi-classical  model,  originates  from 
the  underlying  dispersion  of  the  2DHS  on 
GaAs(311)A  surfaces,  as  we  will  discuss  below. 

The  dispersion  relations  for  the  valence  band 
of  GaAs  quantum  wells  at  the  (311)A  surface 
have  been  previously  studied  theoretically  [8], 
largely  confirming  resonant  magnetotunneling 
spectroscopy  experiments  [9].  Higher  subbands 
apparently  display  considerable  nonpar abolicity 
and  anisotropy,  while  the  lowest,  heavy  hole,  sub¬ 
band  remains  quite  free-hole-like  up  to  high  den- 
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Fig.  4.  Constant  energy  contours  in  k- space  determined  from 
TMF  data  at  varying  p  (circles:  p  =  4.3Xl015  m~2;  squares: 
p  —  4.0x  1015  m-2;  triangles:  p  =  3.1xl015  m-2).  Inset:  com¬ 
parison  between  experimental  points  (squares),  isotropic 
Fermi  circle  (solid  curve)  and  Kronig-Penney  calculation 
(dashed  curve)  for  p  —  4.0 XlO15  m~2. 

sities.  Therefore  in  our  samples,  where  only  the 
lowest  subband  is  occupied,  the  dispersion 
anisotropy  (Fig.  4)  and  also  the  mobility 
anisotropy  mentioned  earlier  are  puzzling. 

However,  MBE  on  GaAs(311)A  substrates  has 
been  reported  [10]  to  induce  interface  corruga¬ 
tions  along  [233]  and  the  transport  anisotropy 
likely  stems  from  this  morphology.  The  corruga¬ 
tions,  with  a  period  of  32  A,  give  rise  to  a  one-dj- 
mensional  lateral  superlattice  (LSL)  along  [Oil] 
for  holes  confined  to  a  GaAs  well  [ll]._Such  a 
LSL  modifies  the  dispersion  along  [Oil]  while 
along  [233]  the  dispersion  should  be  unchanged 
from  its  free-hole  form  [12].  A  straightforward 
Kronig-Penney  calculation  indicates  that  the  LSL 
produces  an  elongation  of  the  FS  along  the  [Oil] 
direction  compared  to  [233].  This  is  consistent 
with  our  TMF  experiments.  Let  us  note  that  for 
EF  values  typically  achieved  in  our  2DHSs,  kF 
amounts  to  about  1/10  of  the  Brillouin  zone 
induced  by  this  LSL.  To  account  for  the  distor¬ 
tion  observed  in  our  data  at  these  p ,  the  LSL 
potential  amplitude  needed  is  about  200  to  300 
meV,  the  value  being  sample  dependent  as  ex¬ 


pected  for  a  growth  related  phenomenon.  The  FS 
obtained  from  the  Kronig-Penney  model  (assum¬ 
ing  for  simplicity  square  barriers  of  width  equal 
to  half  the  period  and  height  300  meV)  is  plotted 
in  the  inset  of  Fig.  4.  While  a  more  realistic 
potential  profile  would  be  desirable,  we  feel  that 
the  qualitative  features  of  the  experimental  data 
are  well  reproduced. 

In  conclusion,  TMF  employing  a  geometry  of 
adjacent  barriers  in  varying  crystallographic  di¬ 
rections  enabled  us  to  map  out  the  constant  en¬ 
ergy  contours  in  k- space  for  the  heavy  hole  band 
of  a  2DHS  on  the  (311)A  plane  of  GaAs.  We 
interpret  the  data  in  a  semi-classical  model.  Al¬ 
though  the  dispersion  for  the  heavy  hole  band  on 
(311)A  surfaces  is  expected  to  be  quite  isotropic, 
nearly  elliptical  contours_were  deduced,  with  their 
long  axis  along  the  [011]  orientation.  We  trace 
this  shape  back  to  the  existence  of  a  lateral 
superlattice,  generated  by  growth  induced  corru¬ 
gations  along  the  [233]  direction. 
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Abstract 

The  electroluminescence  spectrum  and  current-voltage  characteristics  of  a  forward  biased  triple-barrier  p-i-n 
diode  are  investigated.  The  thin  AlAs  central  barrier  provides  strong  coupling  between  the  two  GaAs  quantum  wells. 
EL  arises  from  the  GaAs  contact  layers  and  both  spatially  direct  and  indirect  recombination  in  the  quantum  wells. 
The  latter  line  is  much  the  stronger  and  shows  a  marked  red  shift  with  increasing  bias.  Two  electron  and  two  hole 
resonant  peaks  are  observed  in  KV)  and  in  the  intensity-bias  plots  of  the  EL  emission  lines.  A  pronounced  intrinsic 
bistability  is  observed  in  both  K,V)  and  the  EL  spectra.  The  effect  of  magnetic  field  on  the  EL  spectra  is 
investigated. 


Resonant  tunneling  in  double  barrier  het¬ 
erostructures  has  attracted  considerable  attention 
since  its  first  experimental  realization  [1].  Al¬ 
though  most  attention  has  focused  on  resonant 
tunneling  (RT)  of  electrons  in  n-type  devices, 
work  has  also  been  done  on  hole  resonant  tunnel¬ 
ing  in  p-type  devices  [2].  Hole  tunneling  also 
plays  an  important  role  in  the  photoluminescence 
of  n-type  RT  devices  under  optical  excitation 
[3—6].  Recently,  combined  resonant  tunneling  of 
both  electrons  and  holes  in  forward  biased  p-i-n 
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RT  devices  has  been  reported  [7,8].  They  incor¬ 
porate  two  tunnel  barriers  in  the  undoped  intrin¬ 
sic  (i)  region  and  show  strong  electrolumines¬ 
cence  (EL)  emission  due  to  electron-hole  recom¬ 
bination  in  the  quantum  well  (QW).  EL  is  also 
observed  from  electrons  (holes)  which  tunnel 
through  both  barriers  and  recombine  as  minority 
carriers  in  the  opposite  p-type  (n-type)  contact 
regions.  An  interesting  feature  of  n-type  RT  de¬ 
vices  is  an  intrinsic  bistability  effect  in  the  cur¬ 
rent-voltage  characteristics,  /(K),  due  to  the 
buildup  of  space  charge  in  the  QW  at  resonance 
[9,10].  The  bistability  can  also  be  observed  in  the 
variation  with  bias  of  both  the  PL  intensity  and 
photon  energy  of  the  emission  from  the  QW  [5,6]. 
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Fig.  1.  Schematic  band  diagram  of  the  device  at  1.  80  V 
forward  bias,  showing  the  electron  and  hole  accumulation 
layers,  the  states  of  the  quantum  wells  and  the  4  electrolumi¬ 
nescence  transitions. 


Here  we  report  intrinsic  bistability  in  both  the 
EL  emission  spectra  and  I(V)  characteristics  of  a 
triple-barrier  p-i-n  RT  diode  in  which  the  two 
GaAs  QWs,  each  of  width  6.0  nm,  are  separated 
by  a  thin  AlAs  central  barrier  of  thickness  0.85 
nm.  The  two  outer  AlAs  barriers  are  5.1  nm 
thick.  The  EL  from  the  QW  corresponds  to  both 
spatially  direct  and  indirect  transitions.  The  in¬ 
tense  spatially  indirect  emission  undergoes  a  pro¬ 
nounced  red  shift  with  increasing  forward  bias 
and  displays  a  marked  intrinsic  bistability  in  both 
its  intensity  and  photon  energy.  A  schematic  band 
diagram  of  the  device  is  shown  in  Fig.  1.  Un¬ 
doped  GaAs  spacers,  of  thicknesses  7.6  and  5.1 
nm,  separate  the  two  outer  barriers  from  the  n- 
and  p-doped  contact  layers,  respectively.  The 
dopings  in  these  layers  are  graded  from  1  X  10 16 
to  2  X  10 18  cm-3  for  the  n-type  contact  and  from 
5  X  10 17  to  2  X  10 18  cm-3  for  the  p-type  contact. 
The  top  n-type  contact  layer  incorporates  al/xm 
thick  Al0.33Ga0  67As  window  layer  which  allows 
efficient  transmission  of  the  EL  from  the  QW  [7]. 
The  layers  were  fabricated  into  100  fim  diameter 
mesas  by  optical  lithography,  with  an  annular 
Au-Ge  contact  to  transmit  the  EL. 


V{V) 

Fig.  2.  (a)  The  current-voltage  characteristics  at  4  K;  (b) 
Variation  with  bias  of  the  intensity  of  the  near-band  edge 
luminescence  line,  NB1. 

Fig.  2a  shows  the  I(V)  characteristics  of  the 
device  at  a  temperature  of  4  K.  Four  peaks  are 
observed  corresponding  to  electron  (E)  and  hole 
(H)  resonant  tunneling  into  the  QW  states  shown 
in  Fig.  1.  The  tunneling  occurs  from  two-dimen¬ 
sional  (2D)  electron  and  hole  accumulation  layers 
adjacent  to  the  barriers.  A  strong  intrinsic  bista¬ 
bility  is  observed  in  the  second  electron  reso¬ 
nance,  E2.  Over  most  of  the  range  of  forward 
bias,  EL  is  observed  from  the  quantum  well.  A 
typical  EL  spectrum  is  shown  in  Fig.  3.  Four 


Fig.  3.  Electroluminescence  spectrum  at  a  bias  of  1.80  V 
showing  the  two  near-band  recombination  lines  and  the  two 
quantum  well  lines. 
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distinct  EL  lines  are  observed:  two  around  1.6  eV 
from  the  QWs  and  two  around  1.5  eV  due  to 
near-band  (NB)  edge  recombination.  The  higher 
energy  emission  line  from  the  quantum  well, 
QW2,  is  weak,  having  only  ~  10“ 3  of  the  inten¬ 
sity  of  QW1  at  1.8  V.  Line  NB1  at  1.521  eV  is 
due  to  essentially  free  electron-hole  recombina¬ 
tion.  The  dependence  of  its  intensity  on  bias  is 
similar  in  form  to  the  7(F)  curves.  Line  NB2  at 
1.487  eV  is  due  to  electron  recombination  at 
neutral  acceptors.  The  bias  dependence  of  the 
intensity  of  NB1  is  shown  in  Fig.  2b.  Note  that  it 
increases  at  voltages  of  1.72  and  1.91  V,  which 
correspond  to  the  decreases  in  7(F)  when  the 
device  is  biased  off  the  El  and  E2  resonances. 
Similarly,  the  intensity  decreases  at  1.86  V  when 
the  current  increases  at  the  low  voltage  side  of 
the  bistability  loop.  The  intensity  variation  of 
NB1  indicates  that  it  arises  from  holes  that  tun¬ 
nel  through  both  barriers  to  recombine  as  minor¬ 
ity  carriers  in  the  n-type  GaAs  contact  layers.  It 
shows  strong  peaks  on  the  hole  resonances  HI 
and  H2  in  7(F)  and  decreases  when  the  device  is 
on  an  electron  resonance  since  in  this  case  the 
tunneling  holes  can  recombine  with  the  enhanced 
concentration  of  electrons  in  the  conduction  band 
QWs  rather  than  pass  through  both  barriers.  This 
is  confirmed  in  Fig.  4a  which  plots  the  intensity  of 
one  of  the  QW  lines  (QW1)  as  a  function  of  bias. 
A  peak  in  intensity  is  observed  on  the  El  line  and 
also  on  H2.  In  addition,  on  the  bistability  loop  of 
E2,  the  intensity  of  QW1  is  higher  when  the 
electron  resonant  tunneling  current  is  higher, 
corresponding  to  enhanced  space  charge  buildup 
in  the  QW. 

The  bias-dependence  of  the  intensity  of  the 
weak  EL  line  QW2  is  shown  in  Fig.  5a.  This 
shows  strong  peaks  at  El,  H2  and  E2  (the  latter 
with  bistability),  similar  to  those  in  7(F).  No  EL 
from  the  QW  is  observed  on  the  HI  peak  in  7(F) 
since  at  this  low  bias  the  electron  tunnel  current 
is  very  low.  The  variations  of  the  emission  energy 
of  the  two  EL  lines  from  the  QW,  as  a  function  of 
bias,  are  shown  in  Figs.  4b  and  5b  for  QW1  and 
QW2,  respectively.  The  emission  energy  of  QW1 
is  voltage  tunable  and  also  shows  a  bistability 
around  1.9  V.  The  energy  of  the  QW2  line  has  a 
much  weaker  dependence  on  F. 


1.6  1.7 


1.8  1.9  2.0 

V<V) 


Fig.  4.  Variation  with  bias  of  (a)  the  intensity  of  the  spatially 
indirect  recombination  line,  QW1;  (b)  the  photon  energy  of 
QW1. 


We  can  understand  the  7(F)  characteristics 
and  EL  emission  spectra  by  considering  the  effect 
of  the  applied  bias  on  the  confined  electron  and 
hole  states  in  the  quantum  well  [11-13].  The  thin 
central  barrier  couples  two  quantum  wells  which 
in  our  device  have  the  same  thickness.  Thus  when 


Fig.  5.  Variation  with  bias  of  (a)  intensity  of  the  spatially 
direct  recombination  line  QW2;  (b)  photon  energy  of  QW2. 
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the  device  is  biased  at  the  flat-band  voltage 
around  1.5  V,  the  electron  (and  hole)  wavefunc- 
tions  of  the  two  lowest  QW  states  will  be  of  the 
familiar  symmetric  and  antisymmetric  form,  ex¬ 
tending  over  both  quantum  wells.  At  higher  bias, 
the  wavefunctions  become  increasingly  localized 
in  one  or  other  of  the  two  wells  as  shown  in  Fig. 
1.  This  effect  can  be  seen  clearly  in  the  I(V) 
characteristics:  peak  El  is  much  weaker  than  E2 
because  of  the  much  smaller  tunneling  probabil¬ 
ity  from  the  emitter  accumulation  layer  to  the 
right-hand  well.  The  localization  effect  is  even 
more  pronounced  for  holes  than  electrons  be¬ 
cause  of  their  higher  effective  mass. 

The  voltage-induced  confinement  effect  leads 
to  the  pronounced  red  shift  of  transition  QW1 
with  increasing  bias.  In  contrast,  the  shift  of  QW2 
is  much  weaker,  as  it  effectively  corresponds  to  a 
spatially  direct  transition.  Photoluminescence  ex¬ 
citation  (PLE)  experiments  confirm  this  model 
[14]  and  give  a  value  for  the  symmetric-antisym¬ 
metric  splitting  of  A  =  21  meV  at  flat-band  volt¬ 
age,  in  quite  good  agreement  with  an  effective 
mass  model.  The  PLE  also  indicates  that  the 
QW1  and  QW2  involve  transitions  to  the  lowest 
heavy  hole  states  of  the  two  wells. 

Note  that  almost  all  of  the  observed  EL  arises 
from  electrons  in  the  lower  El  state  of  the  con¬ 
duction  band  QWs,  even  when  the  device  is  bi¬ 
ased  for  resonant  tunneling  into  E2.  We  attribute 
this  to  the  rapid  thermalization  of  electrons  from 
E2  to  El  by  the  emission  of  optic  phonons.  From 
the  PLE  measurement  we  find  that  the  E2-E1 
splitting  exceeds  hcoL  =  36  meV  for  V>  1.75  V. 
Optic  phonon  emission  occurs  on  a  timescale 
tlo  -  0.3  ps,  much  faster  than  the  radiative  re¬ 
combination  time  (rrad  —  1  ns)  and  the  tunneling- 
out  time,  which  we  estimate  to  be  4  ns  [15].  The 
much  lower  intensity  of  QW2  relative  to  QW1 
indicates  that  the  holes  also  relax  their  energy 
(H2  — >  HI)  on  a  timescale  much  less  than  rrad. 

The  existence  of  intrinsic  bistability  depends 
on  a  significant  space-charge  in  the  region  of  the 
QWs  at  resonance  [9,10].  On  the  high  current 
section  of  the  bistability  loop,  the  voltage  drop 
across  the  emitter  barrier  remains  approximately 
constant  with  increasing  bias  so  that  the  energy 
alignment  of  the  emitter  and  quantum  well  state 


is  maintained.  The  additional  voltage  is  dropped 
across  the  collector  barrier  and  is  given  by  the 
space  charge  build-up  in  the  QW.  From  magneto¬ 
tunneling  measurements  we  estimate  that  the 
electron  sheet  density  in  El  at  the  peak  of  the  E2 
resonance  in  I(V)  is  ~  3  X  1011  cm-2.  On  the 
off-resonance,  low  current  section  of  the  loop, 
the  energy  of  the  QW  state  is  below  that  of  the 
emitter  and  the  QW  is  uncharged.  In  a  simple 
double-barrier  p-i-n  diode,  charge  buildup 
should  be  inhibited  by  recombination  and  the 
cancellation  of  electron  and  hole  charge.  It  seems 
likely  that  the  strong  spatial  separation  of  the 
electron  and  hole  charge  in  this  triple  barrier 
device  helps  give  rise  to  the  observed  bistability 
on  E2,  with  the  electron  charge  residing  in  El. 

Although  both  the  QW1  and  QW2  intensity 
plots  show  a  bistability  loop  in  the  region  of  E2 
similar  to  that  in  /(F),  the  QW1  intensity  steadily 
falls  beyond  the  peak  of  the  H2  resonance,  and 
remains  flat  as  the  voltage  is  increased  to  the 
peak  of  E2.  In  contrast,  QW2  shows  a  pro¬ 
nounced  peak  in  intensity  at  the  peak  of  E2.  We 
attribute  the  different  dependence  of  QW1  com- 
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Fig.  6.  (a)  Variation  of  the  energy  of  the  QW1  and  QW2  lines 
as  a  function  of  magnetic  field;  (b)  variation  of  intensity  of 
QW1  line  as  a  function  of  B.  The  device  is  biased  at  V  =  1.80 
V,  on  the  peak  of  the  H2  resonance. 
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pared  to  QW2  around  E2  to  either  the  decreasing 
overlap  between  El  and  HI  states  with  increasing 
bias  or  else  the  increasing  transfer  of  holes  to  HI. 

In  the  presence  of  a  magnetic  field,  B ,  applied 
perpendicular  to  the  plane  of  the  QWs,  the  en¬ 
ergy  of  the  EL  line  QW2  shows  a  monotonic 
quadratic  shift  to  higher  energy,  consistent  with 
excitonic  recombination.  This  is  shown  in  Fig.  6a 
for  a  bias  of  1.80  V,  on  the  peak  of  the  H2 
resonance.  The  energy  of  the  QW1  line  also  shifts 
to  higher  energy  at  a  similar  rate  but  with  an 
oscillatory  component,  periodic  in  1/B.  The  in¬ 
tensity  of  QW1  also  oscillates  in  a  similar  way  - 
see  Fig.  6b.  Oscillatory  structure  of  the  same 
period  is  observed  in  the  tunnel  current  1(B)  and 
arises  from  the  passage  of  Landau  levels  through 
the  Fermi  energy  of  the  2D  electron  gas  in  the 
accumulation  layer  on  the  n-type  side  [15].  These 
oscillations  provide  an  accurate  measure  of  the 
electron  sheet  density  nea  in  this  layer  as  a  func¬ 
tion  of  V.  We  attribute  their  appearance  in  the 
intensity  and  energy  of  the  QW1  line  to  varia¬ 
tions  in  the  electric  field  in  the  quantum  well 
region,  caused  by  the  change  in  nea  when  Landau 
levels  are  depopulated  with  increasing  B.  The 
spatially  indirect  QW1  line  is  especially  sensitive 
to  these  variations. 

In  summary,  we  have  observed  intrinsic  bista¬ 
bility  in  the  EL  emission  and  I(V)  curves  of  a 
p-i-n  triple  barrier  resonant  tunneling  diode. 
Spatially  direct  and  indirect  transitions  are  ob¬ 
served  from  the  coupled  wells.  The  latter  emis¬ 
sion  is  voltage  tunable. 
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Abstract 

Coulomb  interlayer  interactions  are  predicted  to  modify  the  tunneling  process  through  a  thin  barrier  when  a  large 
bias  is  applied.  Magnetotunneling  experiments  between  quasi-two-dimensional  systems  should  provide  evidence  of 
bound  excitonic  states  in  terms  of  characteristic  cusps  in  the  tunneling  resonance  energy  at  integer  filling  factors. 


The  electron-electron  interaction  causes  vari¬ 
ous  effects  on  tunneling  in  small  semiconductor 
structures,  e.g.  bistability  in  double-barrier  reso¬ 
nant-tunneling  devices  [1],  and  the  Coulomb 
blockade  [2,3].  When  the  potential  barrier  is  suf¬ 
ficiently  thin,  the  Coulombic  coupling  between 
the  half  spaces  can  give  rise  to  new  effects  like 
Coulomb  drag  between  barrier-separated  elec¬ 
tron  gases  on  transport  parallel  to  the  interfaces 
[4].  Here  a  theoretical  discussion  of  the  effects  of 
the  interlayer  Coulomb  interaction  on  the  trans¬ 
port  normal  to  the  barrier,  i.e.,  on  the  tunneling 
rate,  is  presented.  Significant  modifications  are 
predicted  for  tunneling  between  quasi-two-di¬ 
mensional  (Q2D)  systems  [5-7],  which  are  strongly 
modulated  by  an  applied  magnetic  field.  The 
theoretical  findings  should  be  verifiable  by  tun¬ 
neling  experiments  in  resonant  tunneling  diodes 
where  the  emitter  is  a  quasi-two-dimensional 
electron  or  hole  gas  [7]  or  on  independently  con¬ 
tacted  quantum  wells  separated  by  a  few 
nanometers  [5,6].  The  recent  discussion  of 
Matveev  and  Larkin  on  correlation  effects  in  im¬ 
purity  assisted  tunneling  [8]  bears  some  relation 
to  the  present  process. 


The  tunneling  current  through  a  single  poten¬ 
tial  barrier  can  be  obtained  by  treating  the  tun¬ 
neling  Hamiltonian, 

ht=  £{^/A+C/  +  h.c.},  (1) 

lr 

as  a  perturbation,  where  Tlr  denotes  a  tunneling 
matrix  element  and  ch  dr  are  annihilation  opera¬ 
tors  of  electron  states  /  on  the  left  and  r  on  the 
right  side  of  the  junction,  respectively.  The  cur¬ 
rent  /T  through  a  barrier  separating  two  metals 
can  then,  in  general,  be  expressed  in  terms  of  the 
electron-hole  Matsubara  Green  function  G  as 
[9]: 

IT(Sp.)=-*e/hZY.TlrT?,r, 

lr  Vr' 

Xlm  G(/,  r,  V ,  r';  -A p/h),  (2) 

where  Ap/e  is  the  applied  bias. 

G(l,  r,  1',  r'\  i to) 

=  -  Pdr  eiMT(Trdt (t)c,(t)c^! (0)dr,(0)) , 

Jo 

(3) 
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Fig.  1.  Typical  term  in  the  diagrammatic  series  which  is 
summed  in  the  ladder  approximation.  The  wavy  line  is  the 
screened  Coulomb  interaction.  The  downward-directed  ar¬ 
rows  depict  hole  propagators  on  the  left  and  the  upward-di¬ 
rected  arrows  represent  electron  propagators  on  the  right. 


where  Tt  orders  the  imaginary  time  r,  and  /3  is 
the  reciprocal  temperature.  When  the  Coulomb 
interaction  is  neglected,  Eq.  (2)  reduces  to  the 
standard  equation: 

7t(A^)  =  (4ve/h)  E\Tir |25( A/x  +£l~xr) 

lr 

X  [/*.(£;) -/*(*,)],  (4) 

where  xr  and  /r  denote  the  single-particle 
energies  and  Fermi  occupations  of  both  sides, 
respectively.  The  novel  aspect  of  the  present 
problem  is  the  dressing  of  the  tunneling  vertex  by 
the  interlayer  Coulomb  interaction,  which  is 
treated  here  in  the  ladder  approximation  and  the 
statically  screened  interlayer  Coulomb  interaction 
[10].  A  typical  diagram  of  the  terms  to  be  summed 
is  shown  in  Fig.  1. 

To  illustrate  the  general  idea  let  us  turn  to  a 
specific  example,  namely  the  tunneling  between 
two  Q2D  systems  [5-7].  Self-energies  including 
image  charge  effects  are  treated  in  the  quasi-par¬ 
ticle  approximation  and  are  absorbed  in  the  sin¬ 
gle-particle  energies.  The  single-particle  states  are 
relabeled  as  /  — >  /,  p  and  r  ->  r,  k  where  /  and  r 
are  now  quantum  well  confinement  states  on 
respective  sides  and  p ,  k  denote  in-plane  wave 
vectors.  Disregarding  a  small  intersubband  band 
mixing  and  the  matrix  character  of  many-subband 
screening,  the  Green  function  is  diagonal  in  / 


(left)  and  r  (right)  and  the  Bethe-Salpeter  equa¬ 
tion  reads: 


£  {(i  ho  +  tip  -  Xrk  )  8p.p“  -  br  (  I  P  "  ~  P  I )  } 
P" 

xGlr(p",  k",  p',  k';  iwj 

=  UlOp)  -fR(rk))8p,p'SkX’ 
with 


ViKq)  = 


2ue2 
Kqe(q ; 0) 


FM, 


(5) 

(6) 


where  k  is  the  dielectric  constant  of  the  medium, 
e(q;  0)  is  the  static  dielectric  function  and  Flr(q) 
is  a  form  factor,  k'  =  p  - p'  +  k  and  k”  =  p  -p" 
+  k,  since  the  Coulomb  interaction  conserves 
transverse  momentum. 

It  follows  from  Eq.  (5)  that  the  effect  vanishes 
in  a  regime  where  linear  response  theory  is  appli¬ 
cable,  since  at  equilibrium  f L  —  f R  =  0  on  aver¬ 
age,  and  is  maximized  for  the  tunneling  into  a 
completely  empty  confinement  state.  This  can  be 
achieved  by  tunneling  into  an  excited  subband  [5], 
which  has  the  drawback  of  intersubband  decay 
channels,  however.  Here  a  system  is  considered, 
in  which  the  barrier  distance  is  chosen  such  that 
the  confinement  state  on  the  right  is  empty  at 
zero  bias  (Fig.  2  shows  the  band  profiles  for  an 
applied  bias).  Furthermore,  the  tunneling  barrier 
on  the  right  is  assumed  to  be  more  transparent 


Fig.  2.  Band  diagram  of  a  tunneling  device  under  considera¬ 
tion  in  the  present  paper.  Excitonic  effects  are  strong  when 
the  left  barrier  is  sufficiently  thin  but  thick  enough  for  the 
tunneling  formalism  to  apply.  The  tunneling  lifetime  of  the 
right  barrier  should  be  smaller  than  that  of  the  left  barrier  to 
avoid  charge  accumulation. 
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than  the  barrier  on  the  left  such  that  charge 
accumulation  does  not  occur.  At  zero  tempera¬ 
ture,  Eq.  (5)  can  be  solved  analytically  when  the 
interaction  is  short-ranged  in  the  lateral  direction 
(yS(q)=y\  Denoting  by  Q  the  momentum 
transfer  by  the  tunneling  matrix  element  and 
considering  only  a  single  confinement  state: 


E  g(p »  p'>  2; iw)  = 

P,p' 


EG(0)(/j,  Q;  iw) 

P _ 

i  +  PEG<0)(p,2;i«>)  ’ 

P 


(7) 


where 


Gm(p,  Q ;  iw)  = 


fiiP) 

ifio)  ~  %p+  Xp+Q 


(8) 


The  tunneling  current  can  now  be  obtained  easily 
in  different  limiting  cases.  For  the  structures  con¬ 
sidered  the  single-particle  dispersions  are  equal 
on  the  right  and  left  side.  When  the  wave  vector 
is  conserved,  i.e.  Tpp,  =  8pyTc,  we  have  Q  —  0 
and 


/x(  V)  =  (4eTr/h)\Tc\2  NL8(Ap.  +pLV).  (9) 

The  ^-function  tunneling  resonance  shifts  to  a 
lower  bias  by  pLV ,  where  pL  is  the  electron 
density  (and  NL  the  number  of  electrons)  in  the 
left  well.  On  the  other  hand,  when  the  wave 
vector  is  not  considered  (Tp  p>  =  Tnc),  the  expres¬ 
sion 

J-?c(  A/*)  —  (4e/h)\Tnc  |2 

xEE  lm  G(p,  p',  Q;  Ap)  (10) 
q  py 

is  slightly  more  complicated  and  the  result  is 
displayed  schematically  in  Fig.  3.  The  ohmic  re¬ 
sistance  at  the  threshold  is  reduced. 

Physically,  these  results  can  be  interpreted  as 
an  excitonic  final-state  effect.  The  electron  which 
tunnels  through  the  barrier  forms  a  bound  state 
with  the  hole  left  behind.  The  energy  gain  leads 
to  a  reduction  of  the  tunneling  resonance  energy 
or  resistance  at  threshold,  respectively.  The  exci- 
ton  binding  energy  scales  with  the  electron  den¬ 
sity  difference,  reflecting  the  size  of  the  phase 
space  available  to  form  a  bound  state,  and  the 


* 
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Fig.  3.  Schematic  tunneling  rate  IT  between  two  Q2D-systems 
as  a  function  of  an  externally  applied  bias  Ap.  The  results  in 
the  absence  of  excitonic  effects  (dashed  lines)  are  modified  by 
a  wave-vector-independent  interlayer  interaction  V  as  shown 
for  the  two  limiting  cases  of  wave-vector  conservation  and 
non-conservation  during  tunneling.  A pL  is  the  electron  den¬ 
sity  in  the  left  well.  A/i  =  0  corresponds  to  an  applied  voltage 
which  aligns  the  subbands  of  both  wells. 


interlayer  interaction  strength.  In  contrast  to  con¬ 
ventional  Wannier  excitons  the  formation  of  the 
bound  state  does  not  cost  kinetic  energy,  since 
the  effective  masses  are  equal.  Therefore  the 
binding  energy  can  be  large  in  spite  of  the  screen¬ 
ing.  There  is  also  no  enhancement  of  the  tunnel¬ 
ing  current. 

A  situation  similar  to  that  considered  by 
Matveev  and  Larkin  [8]  can  be  obtained  by  letting 
the  effective  mass  on  the  right  side  go  to  infinity 
and  assuming  a  non-fc-conserving  tunneling  pro¬ 
cess.  This  process  is  not  physically  relevant  for 
tunneling  studies,  but  equivalent  to  the  optical 
emission  process  caused  by  the  electron  capture 
of  a  neutral  acceptor,  where  the  final  state  is 
excitonic.  While  the  process  considered  by  Ref. 
[8]  corresponds  formally  to  X-ray  core-hole  ab¬ 
sorption,  the  present  one  is  not  equivalent  to 
X-ray  emission,  where  the  initial  state  is  exci¬ 
tonic.  The  tunnel  current  in  the  present  mean- 
field  model  then  reads 

I^(^)  =  (4e/h)\Tnc\2D0 

ln(l+£F/AM) 

Xlm — — - - ,  (11) 

1  +  VD0  ln(l  +  F’p/A/x) 

where  D0  and  EF  are  the  two-dimensional  den¬ 
sity  of  states  and  Fermi  energy,  respectively.  The 
result  in  Fig.  4  is  quite  different  from  that  in  Fig. 
3,  displaying  a  split-off  bound  excitonic  state. 
Higher  order  scattering  processes  merge  the  dis- 
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Fig.  4.  Tunneling  spectra  of  a  2D  electron  gas  to  a  neutral, 
localized  state  on  the  right-hand  side  as  a  function  of  the 
interlayer  interaction  strength.  The  spectra  are  arbitrarily 
shifted  with  respect  to  each  other.  The  bound  state  at  the 
lower  band  edge  has  been  convoluted  by  a  Lorentzian. 


Crete  state  with  the  continuum  for  small  binding 
energies,  but  the  enhancement  at  the  Fermi  edge 
remains  [8]. 

More  involved  calculations  for  the  experimen¬ 
tally  important  case  of  full  conservation  of  the 
wave  vector  [5-7]  are  necessary  to  investigate  the 
effects  of  a  more  realistic  interaction  and  applied 
magnetic  fields.  The  numerical  method  of  solving 
the  Bethe-Salpeter  equation  is  similar  to  that 
used  for  calculations  of  optical  spectra  of  modu¬ 
lation-doped  quantum  wells  [11],  and  details  are 
given  in  Ref.  [12].  Just  like  in  the  short-range 
interaction  model,  the  tunneling  current  turns 
out  to  be  dominated  by  the  ground  state  tunnel¬ 
ing  resonance,  which  is  plotted  in  Fig.  5  as  a 
function  of  magnetic  field  normal  to  the  inter¬ 
face.  A  strong  modulation  of  the  resonance  is 
found.  When  the  Landau  levels  are  completely 
occupied,  the  exciton  binding  energy  abruptly  in¬ 
creases  because  of  the  reduced  screening  of  the 
interlayer  Coulomb  interaction.  This  effect  is 


larger  than  the  competing  effect  of  the  magnetic 
field  dependence  of  the  self-energies  [13].  Down¬ 
ward  cusps  of  the  tunneling  resonance  at  integer 
filling  would  therefore  constitute  a  clear  indica¬ 
tion  of  the  existence  of  interface  bound  states. 

The  bound  state  has  a  finite  lifetime  deter¬ 
mined  by  the  tunneling  rates,  by  the  lifetime  of 
the  hole  (~  1  ps  [14]),  and  impurity  and  interface 
roughness  scattering.  Higher  order  scattering 
processes  will  also  contribute  to  the  broadening. 
Since  the  short-range  potential  is  found  here  to 
be  a  good  approximation,  the  calculation  of  the 
tunneling  lineshape  along  the  lines  of  Ref.  [8]  is 
possible,  though  the  finite  mass  of  the  hole  is  a 
complicating  factor  [15].  The  predicted  effects  are 
observable  when  the  lifetime  broadening  is  suffi¬ 
ciently  smaller  than  the  binding  energies  such 
that  the  interface  bound  states  are  well  defined. 


Tunneling  resonance 


Fig.  5.  Tunneling  resonance  energy  as  function  of  magnetic 
field  normal  to  the  interfaces.  The  filling  factor  is  related  to 
the  density  of  pL  =  5x  lOT  cm-2  in  the  left  well.  The  inter¬ 
well  distance  is  d  =  200  A.  The  zero  of  the  applied  bias  has 
been  chosen  to  correspond  to  the  alignment  of  the  non-inter- 
acting  subbands.  The  dashed  line  shows  the  center  of  gravity 
of  the  tunneling  spectrum  when  the  exciton  effect  is  ne¬ 
glected. 
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In  conclusion,  Coulomb  local-field  corrections 
to  the  tunneling  rate  have  been  investigated  and 
significant  effects  on  the  2D -2D  (magneto)  tun¬ 
neling  rate  in  the  non-linear  regime  have  been 
found  for  realistic  device  parameters. 

This  work  is  part  of  the  research  program  of 
the  “Stichting  voor  Fundamenteel  Onderzoek  der 
Materie  (FOM)”,  which  is  financially  supported 
by  the  “Nederlandse  Organisatie  voor  Weten- 
schappelijk  Onderzoek  (NWO)’\ 


1.  Note  added  in  proof 

Very  recently  Boebinger  et  al.  [Phys.  Rev.  B  47 
(1993)  16608]  carried  out  tunneling  experiments 
on  devices  which  are  identical  to  those  proposed 
here.  These  experiments  support  the  important 
model  assumption  that  a  sharp  tunneling  reso¬ 
nance  exists  in  high-mobility  resonant  tunneling 
diodes  which  do  not  accumulate  charge.  Further¬ 
more,  the  increased  broadening  of  the  resonance 
at  integer  fillings  demonstrates  the  importance  of 
magnetic  field  dependent  screening.  Unfortu¬ 
nately,  the  resonance  energy  is  dominated  by  the 
pinning  of  the  emitter  Fermi  energy  to  that  of  the 
bulk,  which  means  that  the  modulation  of  the 
latter  has  to  be  added  to  the  resonance  as  calcu¬ 
lated  here.  The  excitonic  correction  is  then  only 
a  relatively  small  contribution  to  the  energy  mod¬ 
ulation  and  the  experiments  are  inconclusive 
about  its  existence.  Still  excitonic  effects  should 
be  very  significant  on  the  scale  of  many-body 
effects  in  the  density  of  states  of  the  left  electron 
gas.  An  intriguing  feature  which  cannot  be  ex¬ 
plained  by  the  present  theory  is  the  increased 
tunneling  current  at  integer  fillings.  This  could  be 


due  to  a  modulation  of  the  wave  function  perpen¬ 
dicular  to  the  interfaces,  or  to  higher  order  scat¬ 
tering  effects,  which  are  suppressed  when  the 
Fermi  energy  lies  in  a  gap. 
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Abstract 

Novel  variable-area  resonant  tunnelling  diodes  (RTDs)  have  been  produced  in  which  the  confining  potential 
originates  from  an  implanted  gate  in  the  same  plane  as  the  quantum  well.  Results  of  experiments  and  numerical 
modelling  have  shown  the  confinement  thus  produced  to  be  symmetric  about  the  RTD  barriers.  Fine  structure  has 
been  observed  in  large-area  devices  close  to  threshold  which  can  be  attributed  to  tunnelling  through  bound  donor 
states  in  the  active  region  of  the  device.  Fine  structure  has  also  been  seen  in  small-area  devices  which  is  consistent 
with  the  effects  of  lateral  quantisation  in  the  quantum  well. 


1.  Introduction 

The  topic  of  small-area  resonant  tunnelling 
diodes  (RTDs)  has  become  of  much  interest  re¬ 
cently,  especially  for  the  study  of  electron  systems 
with  reduced  dimensionality.  However,  in  the  ma¬ 
jority  of  such  devices  the  degree  of  confinement 
is  fixed  during  fabrication  so  that  the  most  impor¬ 
tant  parameter  for  quantisation  effects,  the  size 
of  the  confinement  potential,  cannot  be  varied. 
Devices  based  on  resonant  tunnelling  material  in 
which  the  lateral  confinement  is  controlled  elec¬ 
trically  are  therefore  of  great  interest  for  the 
study  of  electron  systems  with  reduced  dimen¬ 
sions. 


*  Corresponding  author. 


Pioneering  work  has  been  reported  in  the  past 
two  years  on  RTD  devices  in  which  the  lateral 
confinement  is  produced  using  a  surface  gate  to 
deplete  the  underlying  material  [1-5].  However, 
such  structures  are  inherently  asymmetric  -  the 
confining  potential  originates  at  the  surface  gate 
which  is  above  the  plane  of  the  resonant  tun¬ 
nelling  barriers,  leading  to  non-uniform  lateral 
confinement  of  the  quantum  well.  Such  variations 
in  the  confinement  have  previously  been  shown 
to  give  a  marked  degradation  of  the  peak-to-val- 
ley  ratio  (P/V)  of  the  devices  [6].  This  paper 
describes  work  performed  on  in-plane  gated  vari¬ 
able-area  RTDs  (VARTDs)  in  which  the  confin¬ 
ing  potential  originates  in  the  same  plane  as  the 
quantum  well  and  so  should  be  inherently  more 
symmetric. 

The  device  structure  is  depicted  in  cross-sec¬ 
tion  in  Fig.  1,  and  its  fabrication  has  been  de- 
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Fig.  1.  Schematic  cross-section  of  the  in-plane  gated  RTD  devices  and  layer  structures  of  the  materials  used.  The  bottom  contacts 
are  displaced  for  clarity. 


scribed  elsewhere  [7].  Current  flows  between  the 
top  and  bottom  contacts  through  the  resonant 
tunnelling  barriers,  with  lateral  confinement  be¬ 
ing  produced  by  an  activated  p-type  gate  region 
implanted  into  the  n-type  bulk  material.  By  vary¬ 
ing  the  reverse  bias  across  the  resulting  p-n 
junction,  the  width  of  the  depletion  region,  and 
hence  the  position  of  the  confining  potential  and 
the  area  of  the  device,  can  be  controlled.  Results 
are  reported  here  for  devices  fabricated  on  two 
materials,  and  the  layer  structures  of  these  are 
also  shown  in  Fig.  1.  The  conflict  between  the 
depth  of  the  RTD  barriers  (required  by  the  graded 
doping  of  the  materials)  and  the  maximum  ion 
range  in  the  material  (for  realistic  implantation 
energies)  is  resolved  by  use  of  a  pillar  structure. 
A  slight  undercut  to  the  top  pad  prevents  implan¬ 
tation  from  occurring  down  the  sides  of  the  pillar, 
which  can  otherwise  result  in  a  large  leakage 
between  the  top  contact  (source)  and  the  gate. 


2.  Large-area  devices 

Measurements  have  been  performed  on  vari¬ 
ous  sizes  of  fixed-area  devices  fabricated  by  wet 
etching,  and  these  show  resonance  voltages  of 
+ 1.78  V  ( - 1.84  V)  and  +  0.64  ( -  0.76)  for  mate¬ 
rials  1  and  2,  respectively,  as  the  bias  magnitudes 
are  increased  (positive  values  refer  to  the  top 
contact  being  positive  with  respect  to  the  bottom 
contact).  In  both  materials  a  large  amount  of 
hysteresis  occurs  in  the  resonance  voltage  for 


increasing  and  decreasing  sweeps  of  the  bias  due 
to  the  effects  of  charge  build-up  in  the  quantum 
well.  The  resonance  voltages  are  significantly 
higher  than  those  expected  simply  from  the  en¬ 
ergy  levels  in  the  well  due  to  the  formation  of  a 
large  depletion  region  in  the  low-doped  layer  on 
the  collector  side  of  the  barriers  [8]  (where  “col¬ 
lector”  refers  to  the  positively  biased  side  of  the 
device  structure). 

Typical  characteristics  for  a  3  /im  diameter 
device  (lithographic  dimension  of  the  top  pad)  at 
4.2  K  fabricated  on  material  1  are  shown  in  Fig. 
2.  As  has  been  previously  reported  [7],  this 
demonstrates  control  of  the  RTD  device  area  at 
the  resonant  tunnelling  barriers.  The  negative 
differential  resistance  (NDR)  regions  of  the  char¬ 
acteristics  are  vertical,  but  no  hysteresis  occurs 
similar  to  that  seen  in  the  large  fixed-area  de¬ 
vices.  The  peak  current  densities  have  been  mea¬ 
sured  for  both  fixed-area  and  variable-area  de¬ 
vices,  and  the  values  of  the  variable-area  devices 
found  to  be  similar  to  those  for  the  fixed-area 
ones  with  charge  build-up  in  the  well.  Current 
densities  of  540  ±  20  nA  /xm-2  and  2.0  ±0.1  nA 
fim"2  have  been  measured  for  VARTD  devices 
on  materials  1  and  2,  respectively.  The  peak 
voltages  have  a  weak  dependence  on  gate  bias 
which  becomes  more  severe  as  the  device  size  is 
reduced. 

The  principal  advantage  of  this  type  of  device 
over  its  surface-gated  counterpart  is  the  underly¬ 
ing  symmetry  of  the  implant  about  the  RTD 
barrier  layers.  To  verify  this,  the  devices  have 
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Source  Voltage  (V) 

Fig.  2.  Characteristics  for  a  3  fim  device  on  material  1  at  42  K 
for  various  gate  biases. 

been  modelled  using  a  2D  classical  simulation  [9] 
which  takes  account  of  the  device  structure,  the 
graded  doping  within  the  material,  the  gaussian 
distribution  of  the  implant  and  the  lateral  spread 
of  the  implant.  The  potential  distribution  for  a  2 
jim  device  with  a  source-drain  voltage  of  -1  V 
and  gate-drain  voltage  of  -  2  V  is  shown  in  Fig. 
3.  Both  the  overall  symmetry  of  the  depletion 
around  the  barriers  and  the  large  voltage  drop 


-IV 


Fig.  3.  Modelled  potential  distribution  for  a  2  /^m  device 
showing  the  symmetry  of  the  confining  potential. 


across  the  collector  depletion  region  are  appar¬ 
ent.  The  collector  depletion,  however,  does  ap¬ 
pear  to  cause  a  non-uniform  confinement  poten¬ 
tial  immediately  next  to  the  barriers  on  the  col¬ 
lector  side,  and  this  might  be  expected  to  degrade 
the  P/V  ratio  of  the  device.  Such  a  disadvanta¬ 
geous  effect  could  be  reduced  by  decreasing  the 
collector  depletion  by  use  of  a  slightly  higher 
doping  concentration  in  the  layers  adjacent  to  the 
barriers. 

The  P/V  ratios  have  been  measured  for  a 
range  of  devices  and  are  in  broad  agreement  with 
the  behaviour  predicted  by  the  above  model.  In 
particular,  for  a  2  j^m  diameter  device  at  4.2  K, 
the  P/V  ratio  is  found  to  vary  (with  increasing 
gate  bias)  from  2.6  to  2.3  in  reverse  bias  and  from 
2.5  to  2.2  in  forward  bias.  Overall,  the  ratio  is 
degraded  from  the  large-area  value  of  5.9  for  thin 
material,  and  this  degradation  increases  slightly 
as  the  confinement  is  increased.  However,  the 
similarity  between  the  results  obtained  with  the 
channel  both  forward  and  reverse  biased  indi¬ 
cates  the  underlying  symmetry  of  the  confining 
implant. 

The  minimum  electrical  diameter  of  the  de¬ 
vices  fabricated  on  material  1  was  1  pm  -  too 
large  to  show  the  effects  of  lateral  quantisation. 
Nevertheless,  fine  structure  has  been  seen  for  all 
these  devices  around  the  threshold  voltage,  even 
at  a  relatively  high  temperature  of  4.2  K  (Fig.  4). 
Typically,  a  weak  series  of  plateaux  occurs  close 
to  the  device  threshold  with  the  structure  being 
different  in  forward  and  reverse  bias  and  becom- 


Source  Voltage  (V) 


Fig.  4.  Details  of  the  I/V  characteristics  of  a  4  fi m  device  on 
material  1  at  4.2  K  showing  typical  fine  structure  found 
around  threshold. 
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ing  less  distinct  with  increasing  device  size.  Sev¬ 
eral  possibilities  exist  for  the  origin  of  the  fine 
structure.  The  first,  lateral  confinement,  can  be 
discounted  due  to  the  size  of  the  devices  and  the 
invariance  of  the  effect  on  gate  bias.  An  alterna¬ 
tive  mechanism  might  be  Coulomb  blockade. 
However,  this  too  should  show  a  strong  depen¬ 
dence  on  device  area  and  hence  on  gate  bias. 
Furthermore,  for  Coulomb  blockade  to  be  ob¬ 
served  the  electrostatic  charging  energy  must  be 
greater  than  the  thermal  broadening,  and  in  these 
devices  the  capacitance  is  estimated  to  be  a  factor 
of  at  least  100  too  large  for  this  to  be  the  case  at 
4.2  K. 

The  final  possibility  for  the  origin  of  the  struc¬ 
ture  is  tunnelling  through  donor  or  impurity  states 
in  the  active  region  of  the  device,  as  observed  by 
Dellow  et  al.  [2,5]  for  a  variable-area  RTD  con¬ 
fined  by  the  depletion  region  from  a  surface  gate. 
An  ionised  donor  in  the  quantum  well  gives  rise 
to  a  localised  potential  well  and  associated  bound 
states  through  which  electron  tunnelling  can  oc¬ 
cur  for  biases  below  the  threshold  voltage.  The 
binding  energy  of  such  states  depends  on  the 
position  of  the  donors  with  a  maximum  occurring 
for  donors  in  the  centre  of  the  well,  and  this 
maximum  binding  energy  has  been  estimated  to 
be  about  14  meV  for  the  present  system.  For 
large-area  devices  containing  numerous  such 
donors,  the  spread  in  energies  due  to  their  ran¬ 
dom  distribution  in  the  well  leads  to  any  structure 
becoming  washed-out.  However,  for  small  devices 
with  only  a  single  or  few  donors,  fine  structure  is 
expected  around  threshold  as  electrons  tunnel 
through  the  bound  states  associated  with  the 
ionised  donors. 

The  strongest  structure  is  expected  if  only  one 
donor  is  involved  in  the  tunnelling  process.  In 
this  case,  only  one  electron  at  a  time  can  con¬ 
tribute  to  the  conduction,  and  so  the  plateau 
current,  /,  can  be  expressed  as  7  =  e/rw,  where 
rw  is  the  electron  lifetime  in  the  quantum  well. 
Assuming  that  only  single  electron  tunnelling  is 
involved,  this  expression  can  be  used  to  calculate 
the  lifetime  of  carriers  in  the  well.  Table  1  shows 
the  results  obtained  for  three  sizes  of  device, 
showing  that  the  calculated  lifetimes  agree  well 
with  the  approximate  value  of  500  ps  derived  for 


Table  1 

Measured  values  for  the  fine  structure  seen  close  to  threshold 
for  large-area  devices  on  material  1  at  4.2  K  and  calculated 
carrier  lifetimes  in  the  quantum  well  (assuming  single-electron 
tunnelling) 


Top  pad 
diameter 
(pm) 

First  plateau 
current  (pA) 

First  plateau 
voltage  (mV) 

Calculated 
lifetime  (ps) 

2 

500 

820 

320 

3 

250 

560 

640 

4 

150 

500 

1500 

the  large-area  devices  at  resonance.  One  possible 
mechanism  for  the  apparent  dependence  of  the 
lifetimes  on  device  size  is  the  changing  electric 
field  across  the  collector  barrier  resulting  from 
the  action  of  the  gate  on  the  collector  depletion 
region  -  for  smaller  devices  the  field  is  greater 
(indicated  by  the  higher  voltage  for  the  first 
plateau)  and  the  carrier  lifetime  in  the  well  corre¬ 
spondingly  shorter.  Assuming  a  background  dop¬ 
ing  of  10 14  cm-3,  the  number  of  donor  states 
expected  to  be  present  in  the  quantum  well  is 
estimated  to  be  between  1  and  5,  consistent  with 
the  picture  of  single-electron  or  few-electron  tun¬ 
nelling.  Since  the  position  of  a  single  donor  state 
in  the  well  is  random  and  the  symmetry  of  the 
forward  and  reverse  bias  characteristics  depends 
upon  the  donor  being  positioned  in  the  centre  of 
the  quantum  well,  there  is  a  high  probability  of 
the  characteristics  showing  asymmetry,  as  ob¬ 
served. 


3.  Small-area  devices 

A  range  of  VARTDs  with  top  pad  diameters 
between  1.0  and  2.0  fim  has  been  fabricated  to 
study  possible  lateral  confinement  effects,  with 
material  2  being  used  to  give  a  longer  carrier 
lifetime  in  the  quantum  well.  In  particular,  con¬ 
trol  of  the  electrical  diameters  down  to  zero  has 
been  demonstrated  for  devices  with  lithographic 
diameters  of  1.2  ^m  or  less.  The  reverse-biased 
characteristics  of  a  1.2  ^m  device  are  given  in 
Fig.  5a.  The  device  shows  a  reduction  in  the 
resonant  current  and  an  increase  in  the  reso¬ 
nance  voltage,  along  with  a  sharpening  of  the 
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Gate  Voltage  (V) 

Fig.  5.  Characteristics  for  a  1.2  /u,m  device  on  material  2  at  4.2 
K  showing  (a)  the  measured  I /  V  characteristics,  and  (b)  the 
positions  of  the  post-resonance  fine  structure  relative  to  the 
turn-on  voltage  threshold  of  the  p-n  junction. 


main  resonance  peak  and  extra  structure  in  the 
valley  current. 

The  voltage  position  of  the  observed  fine 
structure  can  be  calibrated  relative  to  the  p-n 
forward-bias  thresholds  (seen  in  the  figure).  Due 
to  the  unknown  size  of  the  depletion  region  on 
the  collector  side  of  the  barriers,  the  absolute 
voltages  of  the  peaks  are  not  meaningful.  How¬ 
ever,  the  p-n  threshold  relates  the  source 
(emitter)  voltage  to  the  gate  voltage,  and  so  can 
be  used  as  a  reference  point.  Using  this  property, 
the  energy  of  any  levels  responsible  for  the  fine 
structure  can  be  related  to  the  energy  of  the 
emitter  levels  by  considering  the  relative  voltages 
between  the  p-n  junction  turn-on  threshold  and 
any  observed  structure.  Values  of  relative  peak 
voltage  versus  gate  voltage  are  plotted  for  the 
observed  peaks  in  Fig.  5b,  which  appears  to  show 
some  splitting  of  the  structure  up  to  a  gate  volt¬ 
age  of  about  -2.0  V,  followed  by  a  common  shift 
in  the  relative  peak  positions. 


The  main  interest  in  the  fine  structure  is 
whether  it  might  be  due  to  lateral  confinement 
effects  [10,11],  To  investigate  this  possibility,  the 
lateral  confinement  potential  has  been  modelled 
and  has  been  found  to  be  roughly  parabolic  in  the 
plane  of  the  barriers.  As  the  gate  bias  is  in¬ 
creased,  the  lateral  confinement  becomes  pro¬ 
gressively  narrower  until  at  about  —  2.0  V  a  mini¬ 
mum  size  is  reached,  after  which  the  lateral  con¬ 
finement  well  is  simply  shifted  upwards  in  energy 
without  alteration  of  shape.  Such  a  result  is  con¬ 
sistent  with  the  observations  of  a  splitting  of 
levels  followed  by  a  uniform  shift.  The  modelling 
also  successfully  predicts  an  increased  splitting 
and  earlier  levelling  of  the  results  obtained  for 
the  smaller  devices.  The  sharpening  of  the  reso¬ 
nance  peaks  with  gate  voltage  may  be  due  to  a 
reduced  charge  build-up  in  the  quantum  well  or, 
if  lateral  quantisation  effects  are  occurring,  to  the 
splitting  of  a  merged  set  of  subbands  into  discrete 
states. 

An  approximate  calculation  can  be  performed 
to  estimate  the  magnitude  of  the  expected  split¬ 
ting  of  levels.  Assuming  a  parabolic  confining 
potential,  and  using  the  model  to  provide  the  size 
of  the  confinement,  a  level  splitting  in  the  quan¬ 
tum  well  of  about  5.5  meV  has  been  calculated 
for  Vg  =  - 1.5  V.  This  can  then  be  calibrated  with 
the  measured  voltage  by  considering  the  position 
of  the  main  resonance  peak,  resulting  in  a  pre¬ 
dicted  peak  separation  of  about  150  mV,  which  is 
consistent  with  that  observed.  Whilst  this  cannot 
be  taken  as  conclusive  proof  of  lateral  quantisa¬ 
tion  in  the  well,  the  results  clearly  demonstrate 
the  use  of  implanted-gate  VARTDs  to  produce 
systems  in  which  the  lateral  confinement  effects 
become  significant. 


4.  Summary 

In  conclusion,  a  new  method  for  the  fabrica¬ 
tion  of  variable-area  RTDs  has  been  demon¬ 
strated,  in  which  the  confining  potential  origi¬ 
nates  from  an  in-plane  implanted  gate.  Both 
modelling  and  experimental  results  have  been 
used  to  confirm  the  underlying  symmetry  of  the 
device  structure.  Fine  structure  has  been  ob- 
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served  in  the  I/V  characteristics  of  relatively 
large  area  devices  which  has  been  attributed  to 
the  tunnelling  of  electrons  through  donor  states 
in  the  active  layers  of  the  device.  Finally,  addi¬ 
tional  fine  structure  has  been  seen  in  the  valley 
current  of  small-area  devices  which  is  consistent 
with  the  effects  of  level  splitting  in  the  quantum 
well  due  to  lateral  quantisation. 
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Abstract 

Magnetotunneling  spectroscopy  in  a  series  of  GaAs/AlAs  triple  barrier  diodes  was  performed  to  clarify  the  effect 
of  scatterings  and  dimensionality  of  electronic  states  on  the  resonant  tunneling  transport.  We  found  a  variety  of  I-V 
characteristics  in  such  diodes  and  differences  in  the  behavior  of  the  observed  peaks  in  a  magnetic  field.  By  analyzing 
I-V  characteristics  in  a  magnetic  field  and  magneto-oscillations  of  the  tunnel  current,  we  revealed  that  three 
different  tunneling  processes  are  responsible  for  the  peaks. 


Resonant  tunneling  in  double  barrier  (DB) 
diodes  in  high  magnetic  fields  has  been  studied 
extensively  [1,2].  In  particular,  the  DB  structure 
with  a  large  spacer  layer  (undoped  or  lightly 
doped  GaAs  layer)  has  attracted  much  attention, 
because  its  tunneling  current  is  dominated  by 
2D-2D  tunneling  from  the  quantized  energy  level 
formed  in  the  accumulation  layer  of  the  emitter 
to  an  energy  level  in  the  quantum  well  (QW) 
[3-5].  In  this  structure  various  features  related  to 
scattering-assisted  processes  have  been  revealed 
in  a  high  magnetic  field  applied  parallel  to  the 
current.  However,  the  quantized  states  in  the 
accumulation  layer  cannot  be  considered  as  an 
ideal  2D  electron  reservoir  if  we  change  the  bar- 
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rier  thickness  for  instance.  We  cannot  neglect  the 
electron  transport  process  from  the  3D  highly 
doped  layer  to  the  accumulation  layer  when  2D- 
2D  tunneling  is  faster.  Moreover,  a  need  for  a 
self-consistent  determination  of  energy  levels  in 
the  accumulation  layer  makes  the  interpretation 
of  the  experimental  results  difficult.  Hence  it  is 
not  easy  in  such  DB  structures  to  examine  2D-2D 
tunneling  processes  systematically  by  changing  the 
device  structure.  In  triple  barrier  (TB)  structures, 
we  can  arbitrarily  control  the  strength  of  coupling 
of  2D  states  in  two  QWs  by  changing  the  thick¬ 
ness  of  the  center  barrier.  In  this  case  the  change 
in  barrier  thickness  does  not  substantially  affect 
the  position  of  quantized  energy  levels  in  the 
QWs.  In  addition,  electron  tunneling  from  the  3D 
emitter  to  2D  states  in  the  QW  can  also  be 
controlled  in  a  TB  structure.  Hence  the  TB  struc¬ 
ture  is  suitable  for  examining  systematically  how 
the  dimensionality  of  electronic  states  affects  the 
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resonant  tunneling  transport.  In  this  work  we 
performed  magnetotunneling  spectroscopy  in 
magnetic  fields  at  4.2  K  to  reveal  how  the 
electron  scattering  affects  various  tunneling  pro¬ 
cesses  involved  in  the  electron  transport  through 
the  TB  structure. 

We  prepared  three  GaAs/AlAs  TB  structures 
by  molecular  beam  epitaxy  (MBE)  and  fabricated 
mesa  diodes  with  AuGeNi  alloyed  contacts  by 
conventional  photolithography  techniques.  The 
three  TB  structures  have  a  100  A  QW  and  a  50  A 
QW  separated  by  a  center  barrier  of  different 
thickness:  17  A  (6  monolayer  (ML))  for  sample  A, 
45  A  (16  ML)  for  B,  and  31  A  (11  ML)  for  C,  as 
shown  in  Fig.  la.  The  outer  barriers  are  all  31  A 
(11  ML  thick).  The  thickness  of  the  collector-side 


o 

spacer  layer  (undoped  GaAs)  is  100  A  for  A  and 
B,  and  300  A  for  C.  The  spacer  layer  prevents  the 
segregation  of  Si  dopant  during  MBE  growth, 
and  also  works  to  magnify  the  I-V  characteristics 
along  the  voltage  axis.  Since  the  emitter-side 
spacer  (15  A  for  all  samples)  is  thin  enough  and 
the  emitter  (n+  GaAs)  is  heavily  doped  (nomi¬ 
nally  1  X  1018  cm"3),  we  can  neglect  the  forma¬ 
tion  of  an  accumulation  layer  at  the  emitter.  The 
I-V  characteristics  of  these  samples  at  4.2  K  have 
shown  a  variety  of  peaks  which  are  labeled  PI, 
P2,  and  P3  as  shown  in  Fig.  1.  Note  that  only  the 
positions  of  peaks  in  sample  C  shift  to  higher 
voltage  as  compared  with  those  in  other  samples 
because  of  the  thicker  spacer.  All  the  peaks  in 
Fig.  1  are  related  to  various  tunneling  paths  be- 
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Fig.  1.  (a)  Schematic  illustration  of  the  triple  barrier  structure.  The  I-V  characteristics  at  4.2  K  are  shown  in  (b)  sample  A,  (c) 
sample  B,  and  (d)  sample  C.  The  diameter  of  all  diodes  is  10  fx m.  Note  that  the  I-V  characteristics  of  sample  C  shift  to  higher 
voltage  due  to  the  thicker  spacer. 
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tween  the  ground  level  of  the  emitter-side  100  A 
QW  (level  ElL)  and  that  of  the  collector  side  50 
A  QW  (level  E1R).  These  differences  in  I-V 
characteristics  result  from  the  differences  in  dom¬ 
inant  tunneling  processes.  They  include  (1)  3D- 
2D  elastic  tunneling  from  the  emitter  to  £1L,  (2) 
2D-2D  elastic  tunneling  from  Elh  to  Em ,  and 
(3)  2D -2D  scattering-assisted  tunneling  from  ElL 
to  Em. 

One  can  find  three  peaks  (PI,  P2,  and  P3)  in 
the  I-V  characteristics  of  sample  C  (Fig.  Id).  As 
mentioned  before,  we  attribute  all  the  peaks  to 
transport  via  ground  levels  E1L  and  £1R  in  each 
QW.  The  peaks  P2  and  P3  are  not  ascribed  to  the 
resonance  between  Ex L  and  E2R  (the  second 
energy  level  in  50  A  QW),  because  we  cannot 
explain  the  peak  position  considering  the  energy 
difference  between  ElR  and  E2R  (400  meV).  In 
addition,  the  similar  current  density  of  these  peaks 
(40-140  A/cm2)  shows  that  electron  injection 
into  E2L  (the  second  energy  level  in  100  A  QW) 
from  the  emitter  is  not  involved.  In  this  TB 
structure,  tunnel  current  is  mainly  determined  by 
the  electron  injection  process  from  the  emitter  to 
100  A  QW.  Hence  the  current  density  is  esti¬ 
mated  by  7Vs/tin,  where  rIN  is  the  tunnel  rate 
and  Ns  is  the  effective  sheet  concentration  of 
electrons  in  the  emitter.  The  tunnel  rate  rIN  is 
determined  by  the  level  broadening  A  E  associ¬ 
ated  with  the  finite  lifetime  of  the  energy  levels  in 
100  A  QW.  Thus  the  peak  current  density  deter¬ 
mined  by  the  electron  injection  into  £2L  must  be 
one  order  of  magnitude  larger  than  that  deter¬ 
mined  by  the  electron  injection  into  Elh  accord¬ 
ing  to  the  calculated  energy  width  A  E. 

The  I-V  characteristics  of  sample  C  measured 
in  fixed  B{1  showed  two  characteristic  behaviors, 
as  shown  in  Fig.  2.  First,  only  the  peak  current 
density  of  P2  is  reduced  in  high  £|t;  the  other  two 
peaks  (PI  and  P3)  are  scarcely  changed.  Second, 
some  additional  structures  appear  in  the  I-V 
characteristics  and  those  of  P3  do  not  change 
their  position  with  increasing  Such  remark¬ 
able  features  indicate  the  difference  in  the  origin 
of  the  three  peaks.  To  confirm  such  features  we 
also  performed  similar  measurements  in  pulsed 
high  magnetic  field  up  to  35  T  at  4.2  K.  We  show 
the  change  in  the  peak  current  of  sample  C  in 


Voltage  (V) 

Fig.  2.  The  I-V  characteristics  of  sample  C  measured  for  the 
magnetic  field  of  (a)  5.6  T  and  (b)  9.8  T  at  4.2  K.  One  can  find 
the  reduction  of  P2  as  compared  with  Fig.  Id.  The  additional 
structures  are  indicated  by  arrows  in  (b). 


Fig.  3a.  That  of  PI  in  samples  A  and  B  is  also 
plotted  for  comparison.  One  can  find  a  drastic 
reduction  of  P2  in  C.  The  positions  of  peaks  and 
structures  in  sample  C  are  shown  in  Fig.  3b.  Most 
of  the  observed  peaks  do  not  change  their  posi¬ 
tion  even  in  such  high  magnetic  fields. 

We  have  also  examined  the  magneto-oscilla¬ 
tion  of  tunnel  currents  for  fixed  bias  voltage  Vb. 
In  sample  C  we  can  observe  magneto-oscillations 
periodic  in  1/B  near  the  onset  of  PI.  However, 
we  cannot  observe  clear  magneto-oscillations  for 
Vb  above  the  valley  region  of  PI.  At  Vb  =  0.47  V, 
the  tunnel  current  is  minimum  in  the  valley  re¬ 
gion  of  PI  and  the  tunnel  current  remains  almost 
constant  with  changing  Br  Since  the  current  in- 
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creases  again  for  higher  Vb,  the  energy  difference 
8E  =  ElL-  Eir  reaches  the  LO  phonon  energy 
ho)LO  at  Vb  =  0.47  V.  For  higher  Vb  8E  becomes 
larger  than  hcoLO ,  and  the  tunnel  current  should 
oscillate  with  the  frequency  Bf  =  m*(8E  - 
ho)LO)/eh.  However,  while  8E  is  not  so  different 
from  h(oLO ,  the  scattering-assisted  process  with 
the  change  of  Landau  index  is  inhibited  even  for 
low  magnetic  field  B^.  Hence,  the  probability  of 
scattering-assisted  tunneling  from  E1L  to  E1R 
decreases  with  increase  in  This  can  explain 
the  decrease  in  the  tunnel  current  for  fixed  Vb  = 
0.5-0.6  V.  Therefore,  we  attribute  the  origin  of 
P2  in  C  to  scattering-assisted  tunneling  from  E1L 
to  £1R.  Since  the  peak  current  density  of  P2  is 


Fig.  3.  (a)  The  change  in  the  peak  current  normalized  by  zero 
field  value  is  plotted  for  PI  in  A,  PI  in  B,  and  all  the  peaks  in 
C  under  magnetic  field,  (b)  The  positions  of  peaks  in  sample 
C  under  magnetic  field. 
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Fig.  4.  (a)  The  oscillation  of  tunnel  current  observed  in 
sample  B  for  the  bias  voltage  of  0.2  V.  (b)  The  frequency  of 
magneto-oscillation  Bf  for  various  bias  voltages  applied  to 
sample  B. 


larger  than  that  of  PI,  the  scattering-assisted 
process  must  be  sufficiently  efficient.  This  also 
suggests  scattering  by  GaAs  LO  phonons.  In  ad¬ 
dition,  the  number  of  injected  electrons  from  the 
emitter  to  Elh  should  increase  with  Vb  to  com¬ 
pensate  for  the  decrease  in  the  overlap  of  wave- 
functions  for  E1L  and  E1R  which  leads  to  a 
slower  scattering  rate  for  higher  Vb. 

To  compare  with  sample  C,  we  measured  mag¬ 
netotunneling  currents  for  fixed  Vb  in  other  sam¬ 
ples.  They  showed  magneto-oscillations  periodic 
in  1/B,  as  shown  in  Fig.  4a.  The  frequency  of 
oscillation  Bi  =  [A(l/f?)]_1  for  various  Vb  ap¬ 
plied  to  sample  B  is  shown  in  Fig.  4b.  The  fre¬ 
quency  Bf  increases  when  Vb  approaches  the 
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peak  voltage  both  in  samples  A  and  B.  The 
maximum  Bf  =  23  T  for  both  A  and  B  gives 
reasonable  agreement  with  corresponding  Fermi 
energy  of  the  3D  emitter  EF  estimated  from  the 
dopant  concentration.  These  results  show  that 
the  magneto-oscillations  are  due  to  the  modula¬ 
tion  of  elastic  3D-2D  tunneling  processes  in 
[1].  Hence  we  can  conclude  that  PI  in  A  and  P2 
in  B  appear  when  Elh  reaches  the  conduction 
band  edge  Ecc  of  the  emitter.  However,  the  peak 
PI  in  B  appears  for  lower  Vb  as  compared  with 
PI  in  A.  The  position  of  PI  in  C  corresponds  to 
PI  in  B,  if  we  assume  uniform  electric  field  over 
the  TB  structure  and  consider  the  shift  of  peaks 
to  be  caused  by  the  thicker  spacer.  Hence,  we 
attribute  the  origin  of  PI  in  samples  B  and  C  to 
identical  energy  level  alignment.  The  thicker  cen¬ 
ter  barrier  of  samples  B  and  C  results  in  a  larger 
accumulation  of  electrons  in  E1L  and  the  accu¬ 
mulated  electrons  are  expected  to  lower  E1R  rel¬ 
ative  to  E1L.  We  can  estimate  the  accumulated 
electron  density  from  the  frequency  Bf  of  mea¬ 
sured  magneto-oscillations.  Then  we  can  deduce 
Vb  for  the  onset  of  PI  which  is  determined  by  the 
resonance  between  E1L  and  Em ,  if  we  consider 
the  TB  structure  simply  as  a  capacitance.  Before 
the  tunnel  current  starts  to  flow,  the  applied  bias 
voltage  Vb  is  associated  with  the  electron  in  E1L 
and  the  ionized  donor  at  the  collector.  Hence,  Vb 
is  expressed  by 

eN,  eN{ 

K  = - (bi  +Lw  +  b2  +  Ls)  +  ,  (1) 

ee0  2iVDee0 

where  N1  is  the  sheet  electron  density  in  level 
E1L,  and  Nd  is  the  positive  space  charge  due  to 
the  ionized  donor  in  the  depletion  layer.  In  Eq. 
(1)  bv  Lw,  b2 ,  and  Ls  represent  the  width  of  the 
center  barrier,  collector-side  well,  barrier,  and 
spacer  layer,  respectively.  The  measured  fre¬ 
quency  Bf  is  12.7  T  at  Vb  =  0.2  V  for  sample  B 
and  10.5  T  at  Vb  =  0.35  V  for  sample  C.  Hence, 
we  estimate  the  onset  of  PI  in  B  to  be  0.19  V  and 
that  in  C  to  be  0.28  V  from  Eq.  (1).  This  reason¬ 
able  agreement  with  experiment  supports  the  in¬ 
terpretation  that  the  shift  of  PI  to  low  Vb  results 
from  charge  accumulation  in  £1L.  Hence,  we  can 
conclude  that  the  current  drop  after  PI  is  due  to 


the  inhibition  of  elastic  2D-2D  tunneling  from 
^1L  to  ElR  in  samples  B  and  C.  On  the  other 
hand,  the  single  peak  PI  in  sample  A  cannot  be 
explained  by  such  a  picture.  Since  PI  appears  for 
higher  Vb,  the  resonance  between  E1L  and  ElR 
is  maintained  until  they  reach  the  conduction 
band  edge  Ece  of  the  emitter.  It  can  be  ascribed 
to  the  strong  coupling  of  E1L  and  E1R  in  sample 
A. 

Finally  we  discuss  the  additional  structures 
observed  in  sample  C.  The  position  of  peaks  in 
2?U  is  shown  in  Fig.  3b.  One  can  find  that  the  peak 
split  from  P3  (crosses  in  Fig.  3b)  scarcely  changes 
its  position,  whereas  the  additional  peak  which 
appears  in  the  valley  region  of  P3  (triangles  in 
Fig.  3b)  shifts  with  increasing  B |(.  The  latter  peak 
is  ascribed  to  scattering-assisted  processes  which 
occur  with  the  change  of  Landau  index.  If  the 
structures  in  P3  are  due  to  some  scattering-as¬ 
sisted  process,  all  should  be  associated  with  the 
process  without  the  change  of  Landau  index.  We 
need  further  investigation  to  clarify  the  origin  of 
P3  in  sample  C. 

In  summary,  we  have  investigated  a  series  of 
TB  structures  which  are  different  in  the  coupling 
of  2D  states.  By  magnetotunneling  measurements 
we  revealed  that  the  different  energy  level  align¬ 
ment  is  the  origin  of  observed  numerous  peaks. 
The  drastic  reduction  of  the  peak  current  is  as¬ 
cribed  to  the  inhibition  of  scattering-assisted  2D- 
2D  tunneling  processes  in  B\\.  The  origin  of  the 
first  peak  PI  depends  on  the  strength  of  coupling 
of  2D  energy  levels  and  is  attributed  to  2D -2D 
elastic  tunneling  or  3D-2D  elastic  tunneling.  Al¬ 
though  we  observed  some  structures  whose  posi¬ 
tions  are  independent  of  magnetic  field,  their 
origins  are  not  clear  at  present. 
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Abstract 

We  present  results  of  photoluminescence  and  electroluminescence  spectroscopy  carried  out  on  GaAs/ 
Alo33Gao67As  double-barrier  resonant-tunnelling  structures  having  quantum  wells  of  either  200  or  250  A  width.  At 
high  bias,  luminescence  recombination  is  observed  from  electrons  in  highly  excited  (n  >  2)  quantum-well  (QW)  states 
of  the  structures.  Analysis  of  the  luminescence  intensities  shows  that  when  the  structures  are  biased  at  the  fourth 
electron  resonance,  a  population  inversion  occurs  between  the  n  =  4  and  n  =  3  confined  electron  levels.  In  addition, 
when  the  250  A  QW  structure  is  biased  at  the  fifth  resonance,  a  population  inversion  occurs  between  the  n  =  5  and 
n  =  4  confined  levels.  We  show  that  such  population  inversions  are  explained  by  a  rate-equation  analysis  of  the 
excited-state  populations. 


When  a  double-barrier  resonant-tunnelling 
structure  (DBRTS)  is  biased  such  that  electrons 
are  injected  into  an  excited  quantum-well  (QW) 
state,  the  relative  populations  of  the  QW  electron 
levels  are  controlled  by  the  inter-level  scattering 
rates  and  the  tunnelling-out  rates  from  the  QW. 
By  measuring  the  relative  intensities  of  lumines¬ 
cence  recombination  arising  from  electrons  in  the 
various  QW  levels,  the  relative  populations  of  the 
levels  can  be  determined.  Electroluminescence 
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(EL)  techniques  have  been  employed  recently  to 
measure  the  population  ratio  of  the  n  =  1  (El) 
and  n  =  2  (E2)  levels  in  DBRTS  biased  for  tun¬ 
nelling  into  E2,  and  it  has  been  shown  that  this 
ratio  is  determined  by  the  ratio  of  the  intersub¬ 
band  scattering  time  r{  to  the  tunnelling  out  time 
from  El,  rx  [1].  It  has  also  been  demonstrated 
that  the  population  ratio  can  be  altered  by  chang¬ 
ing  the  collector  (for  electrons)  barrier  width  in 
order  to  vary  ri  [2]. 

In  this  paper  we  report  results  of  photolumi¬ 
nescence  (PL)  and  EL  experiments  which  have 
been  carried  out  in  order  to  determine  the  rela- 
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tive  populations  of  highly  excited  (n  >  2)  electron 
stateso  in  DBRTS  having  QWs  of  either  200  or 
250  A  width.  The  PL  spectroscopy  was  carried 
out  on  the  200  A  QW  sample  (structure  1),  which 
was  grown  by  MBE  on  an  n+  GaAs  substrate  and 
comprised  the  following  layers:  0.50  /xm  n  =  1.5 
X  1018  cm-3  GaAs,  0.50  /xm  n  =  2  X  1017  cm-3 
GaAs,  100  A  undoped  GaAs  spacer,  85  A  un- 

o 

doped  Al033Ga067As  barrier,  200  A  undoped 
GaAs  QW,  85  A  undoped  Al033Ga067As  barrier, 
100  A  undoped  GaAs  spacer,  0.75  /xm  n  =  2  X 
1017  cm"3  GaAs,  0.25  /xm  n  =  1  X  1018  cm“3 
GaAs  top  contact. 

EL  experiments  were  performed  on  the  sam¬ 
ple  having  the  250  A  wide  QW  (structure  2), 
which  consisted  of  a  DBRTS  grown  within  a  p-n 
junction.  When  bias  is  applied  to  such  a  struc¬ 
ture,  both  electrons  and  holes  tunnel  through  the 
DBRTS,  leading  to  EL  recombination  from  the 
QW.  Structure  2  was  also  grown  by  MBE  on  an 
n+  GaAs  substrate,  and  comprised  the  following 
layers:  1.0  /xm  n  =  1  X  10 18  cm-3  GaAs,  500  A 
n  =  1  X  1017  cm-3  GaAs,  500  A  n  —  1  X  1016 
cm-3  GaAs,  85  A  undoped  Al033Gap67As  bar¬ 
rier,  250  A  undoped  GaAs  QW,  85  A  undoped 
Al o.33 Ga o.67 As  barrier,  1000  A  p  —  1  X  1017  cm-3 
GaAs,  1.0  /xm  p  =  1  X  1018  cm-3  top  contact. 
Both  structure  1  and  structure  2  were  processed 
into  mesas  with  annular  contacts  to  provide  opti¬ 
cal  access. 

For  the  experiments  on  structure  1,  PL  was 
excited  with  a  633  nm  He-Ne  laser.  The  I-V 
characteristic  obtained  for  structure  1  is  shown  in 
Fig.  la  (positive  bias  corresponds  to  top  contact 
positive  relative  to  substrate).  At  all  biases,  the 
most  intense  PL  from  the  QW  of  structure  1 
arises  from  recombination  of  El  electrons  with 
n  =  1'  (HH1)  heavy  holes  (Ellh  recombination). 
This  is  because  the  majority  of  electrons  injected 
into  excited  states  of  the  structure  scatter  rapidly 
down  to  El  before  recombination  occurs. 
Throughout  most  of  the  bias  range  of  the  E2 
resonance,  PL  recombination  from  electrons  in¬ 
jected  into  E2  (E21h  recombination)  is  obscured 
by  overlap  with  the  high-energy  tail  of  the  strong 
GaAs  band-edge  PL.  However,  at  the  peak  of  the 
resonance  a  weak  E21h  feature  becomes  dis¬ 
cernible  at  1.554  eV.  When  the  bias  is  increased 


Bias  (V) 

Fig.  1.  (a)  Current-voltage  characteristic  (5  K)  for  structure  1. 
(b)  E3]h  PL  intensity  (/3)  versus  bias,  (c)  E41h  PL  intensity 
(/4)  versus  bias,  (d)  /4//3  PL  intensity  ratio  versus  bias. 


to  the  onset  of  the  E3  resonance,  a  PL  peak 
emerges  at  an  energy  of  1.596  eV.  This  is  due  to 
E3ih  recombination,  which  is  calculated  to  occur 
at  1.593  eV.  The  integrated  intensity  (/3)  of  this 
peak,  which  is  around  four  orders  of  magnitude 
smaller  than  that  of  the  Ellh  peak,  is  plotted 
versus  bias  in  Fig.  lb.  At  the  onset  of  the  E4 
resonance,  a  further  PL  peak  is  observed  at  an 
energy  of  1.660  eV.  This  is  due  to  E41h  recombi¬ 
nation,  calculated  to  occur  at  1.650  eV.  The  E41h 
intensity  (/4)  is  plotted  versus  bias  in  Fig.  lc. 

A  representative  PL  spectrum  in  the  1.55  to 
1.70  eV  region,  obtained  at  a  bias  of  0.5  V,  is 
shown  in  Fig.  2.  The  spectrum  clearly  shows  that 
/4  is  greater  than  /3  at  this  bias.  The  /4//3  ratio 
is  plotted  versus  bias  in  Fig.  Id.  This  shows  that 
/4  is  greater  than  /3  throughout  much  of  the  bias 
range  of  the  E4  resonance.  The  electron  popula¬ 
tion  ratio  of  E4  and  E3,  n4/n3,  may  be  deter- 
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mined  from  the  PL  intensity  ratio  using  the  rela¬ 
tion 


«  h  =  «4  h 

P  h  n3  fi  ’ 


(1) 


where  a  (=1.4  ±0.2)  accounts  for  the  greater 
absorption  of  E41h  than  E31h  PL  in  the  GaAs  top 
contact,  p  (=1.6  ±0.1)  is  the  correction  factor 
for  the  higher  efficiency  of  the  spectrometer/de¬ 
tector  system  at  the  E41h  energy  and  /4//3  is  the 
ratio  of  the  oscillator  strengths  for  E41h  and  E31h 
transitions  at  the  electric  field  of  interest.  /4//3 
was  calculated  using  values  for  the  electric  field 
obtained  by  comparing  the  bias  dependence  of 
the  Ellh  peak  position  with  the  calculated  elec¬ 
tric  field  dependence  of  the  Ellh  transition  en¬ 
ergy  due  to  the  quantum-confined  Stark  effect 
[3].  A  Stark  shift  of  33  meV  was  observed  at  a 
bias  of  0.5  V,  corresponding  to  an  electric  field  in 
the  QW  of  5  X  106  V  m"1.  At  this  field  /4//3 
was  calculated  to  be  0.23  ±  0.05,  giving  n4/n3  =  6 
±  2  at  0.5  V,  indicating  that  an  electron-popula¬ 
tion  inversion  is  obtained  between  E3  and  E4 
when  the  structure  is  biased  for  tunnelling  into 
E4. 

As  indicated  in  Fig.  3,  when  electrons  tunnel 
into  E4  they  can  subsequently  either  tunnel  di¬ 
rectly  out  of  the  QW,  or  tunnel  sequentially 
through  the  QW  after  undergoing  intersubband 


Energy  (eV) 

Fig.  2.  PL  spectrum  obtained  for  structure  1  at  a  bias  of  0.5  V 
and  a  temperature  of  5  K  showing  E31h  and  E41h  recombina¬ 
tion. 


Distance  (A) 

Fig.  3.  Schematic  band-edge  diagram  of  structure  1  at  a  bias 
of  0.5  V. 


scattering  to  lower  QW  levels.  With  the  structure 
biased  at  the  E4  resonance,  the  population  of  E3 
obeys  the  following  rate  equation: 


d  n3  n4  n3  n3  n3  n3 

dt  r43  r3  r32  r31  tr3 


(2) 


where  r43,  r32  and  r31  are  the  inter  subband  scat¬ 
tering  times  from  E4  to  E3,  E3  to  E2  and  E3  to 
El,  respectively;  r3  is  the  tunnelling-out  time 
from  E3,  and  rR3  is  the  characteristic  time  for 
recombination  with  HH1  holes.  The  intersubband 
scattering  time  for  subband  spacings  greater  than 
the  LO-phonon  energy  (fuoLO  =  36  meV)  is  ~  0.5 
ps  [4,5],  whereas  t3  is  calculated  to  be  ~  250  ps 
at  a  bias  of  0.5  V,  and  rR3  will  very  likely  be 
greater  than  10  ns  [1].  Thus,  the  terms  in  Eq.  (2) 
due  to  the  tunnelling-out  and  recombination  rates 
from  E3  may  be  neglected  in  comparison  with  the 


378 


J.W.  Cockburn  et  al  /Surface  Science  305  (1994)  375-379 


intersubband  scattering  terms  to  give,  in  the 
steady  state, 


LO-phonon  scattering  of  electrons  between 
parallel,  parabolic  subbands  separated  by  energy 
A  E  requires  the  participation  of  a  phonon  of 
wavevector  q  a  (AE  ~  ha)LO)l/2.  Since  the 
strength  of  the  Frohlich  interaction  between  elec¬ 
trons  and  LO  phonons  decreases  with  increasing 
q  [5],  the  intersubband  scattering  time  is  expected 
to  increase  with  A E  for  A E  greater  than  ha)L0. 
Thus,  r43  (A£  =  67  meV)  >  t32  (A£  =  47  meV) 
giving,  from  Eq.  (3),  njn3  >  1,  consistent  with 
our  experimental  observation  of  a  population  in¬ 
version  between  these  subbands  [6],  Ferreira  and 
Bastard  [5]  have  calculated  the  dependence  of 
on  A  E.  Using  similar  calculations  for  the  inter¬ 
subband  scattering  times  in  Eq.  (3),  we  obtain 
n4/n3  ~  2.3,  in  very  reasonable  agreement  with 
our  experimental  measurements. 

We  now  consider  the  EL  experiments  carried 
out  on  structure  2.  The  5  K  I-V  characteristics 
for  this  structure,  for  V>  1.5  V,  is  shown  in  Fig. 
4b.  A  forward  bias  of  1.5  V  corresponds  to  zero 
bias  in  a  conventional  n-i-n  DBRTS.  At  biases 
beyond  1.53  V,  intense  EL  is  observed  due  to 
Ellh  recombination  in  the  QW.  In  the  bias  range 
of  the  E2  resonance,  the  onset  of  an  EL  peak  due 
to  E21h  recombination  is  expected.  However,  in 
common  with  the  PL  experiments  on  structure  1, 
EL  due  to  E21h  recombination  is  very  weak,  and 
does  not  become  discernible  from  the  high-en¬ 
ergy  tail  of  the  GaAs  band-edge  EL  until  a  bias 
of  1.68  V  is  reached.  Calculation  of  the  relative 
populations  of  E2  and  El  from  the  relative  inten¬ 
sities  of  the  E21h  and  Ellh  EL  peaks,  using  Eq. 
(1),  gives  n2/nA  ~  10  ~4.  This  low  value  of  n2/n1 
is  surprising  in  view  of  the  fact  that  rapid  inter¬ 
subband  scattering  from  E2  to  El  by  LO-phonon 
emission  should  not  occur  in  this  bias  range,  since 
the  E2-E1  energy  spacing  remains  below  fuoLO 
for  biases  up  to  about  1.9  V.  Thus,  intersubband 
scattering  should  be  a  relatively  slow  process  (t{ 
~  100  ps),  proceeding  via  acoustic-phonon  emis¬ 
sion  or  scattering  by  impurities  or  interface  de- 


Bias  (V) 

Fig.  4.  (a)  EL  peak  energies  versus  bias  for  structure  2.  (b)  5  K 
I-V  characteristic  for  structure  2. 


fects  [5].  The  low  n2/n1  ratio  obtained  here  is 
comparable  with  values  obtained  from  samples 
having  E2-E1  spacings  much  greater  than  hcohQ 
[1,2],  strongly  suggesting  the  occurrence  of  a  rapid 
elastic  scattering  process  between  E2  and  El  in 
the  present  samples. 

As  the  bias  is  increased  so  that  electrons  tun¬ 
nel  into  higher  excited  states  of  the  QW,  further 
EL  peaks  emerge  due  to  E31h,  E41h,  and  E51h 
recombination.  The  observed  energies  of  these 
peaks,  together  with  those  of  the  Ellh  and  E21h 
peaks  are  plotted  versus  bias  in  Fig.  4a.  The  EL 
energies  at  the  onset  of  Ellh  (1.521  eV),  E21h 
(1.536  eV),  E31h  (1.567  eV),  E41h  (1.604  eV)  and 
E51h  (1.647  eV)  recombination  are  in  very  good 
agreement  with  the  calculated  transition  energies 
(corrected  for  Stark  shift  of  the  HH1  and  relevant 
electron  levels  under  bias)  of  1.520,  1.535,  1.568, 
1.603  and  1.653  eV,  respectively. 

The  Stark  shift  of  the  Ellh  peak  with  bias  was 
compared  with  the  calculated  electric  field  de¬ 
pendence  of  the  Ellh  energy  in  order  to  provide  a 
calibration  of  QW  electric  field  against  device 
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Fig.  5.  (a)  Relative  populations  of  excited  QW  states  of 
structure  2  versus  bias;  (b)  as  Fig.  4b. 

bias.  This  enabled  the  oscillator  strengths  for  the 
excited-state  EL  transitions  to  be  calculated  as  a 
function  of  bias,  allowing  the  bias  dependence  of 
the  relative  populations  of  the  excited  states  to  be 
calculated  using  Eq.  (1).  The  results  of  this  proce¬ 
dure  are  plotted  in  Fig.  5.  This  shows  that  as 
observed  in  structure  1,  a  population  inversion 
occurs  between  E4  and  E3  in  the  bias  range  of 
the  E4  resonance.  Furthermore,  when  structure  2 
is  biased  for  tunnelling  into  E5,  a  population 
inversion  is  obtained  between  E5  and  E4  as  well 


as  between  E4  and  E3.  Since  the  E5-E4,  E4-E3 
and  E3-E2  energy  separations  are  all  greater 
than  ho)LO  [7],  these  population  inversions  can  be 
explained  by  a  rate-equation  analysis  similar  to 
that  carried  out  for  structure  1  (Eqs.  (2)  and  (3)). 

In  conclusion,  we  have  used  optical  spec¬ 
troscopy  to  study  the  relative  populations  of  highly 
excited  states  of  double-barrier  resonant-tunnell¬ 
ing  structures  having  a  quantum  well  of  either 
200  or  250  A  width.  We  have  shown  that  popula¬ 
tion  inversions  occur  between  highly  excited  states 
when  the  structures  are  biased  at  the  E4  and  E5 
resonances,  and  that  such  population  inversions 
are  consistent  with  a  rate  analysis  of  the  relative 
populations  of  the  excited  states. 
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Abstract 

Inter-Landau-level  tunneling  of  electrons  and  holes  between  two-dimensional  (2D)  systems  is  investigated  in 
GaAs/AlAs  superlattices.  In  one  sample  resonances  due  to  electron  tunneling  up  to  An  =  9  ( n  is  the  Landau  level 
index)  are  observed.  The  corresponding  Landau  fan  can  be  constructed  when  conduction-band  nonparabolicities  are 
included.  In  a  second  sample  resonances  due  to  inter-Landau-level  tunneling  of  holes  are  identified.  The  experimen¬ 
tal  results  are  discussed  in  view  of  the  complex  valence-band  structure  in  the  magnetic  field. 


A  superlattice  (SL)  with  almost  vanishing  mini¬ 
band  width  can  be  viewed  as  a  structure  where 
tunneling  takes  place  between  2D  systems.  A 
magnetic  field  applied  perpendicular  to  the  plane 
of  the  tunneling  barrier  leads  to  the  quantization 
into  Landau  levels  (LLs)  and  reduces  the  dimen¬ 
sionality  of  the  states  to  0D.  The  spectroscopy  of 
inter-Landau-level  tunneling  resonances  can  be 
used  as  a  tool  to  investigate  the  Landau  level 
structure  of  electrons  and  holes  as  a  function  of 
the  applied  magnetic  field. 

Two  samples  are  investigated  in  this  study, 
sample  1  containing  40  periods  of  9.0  nm  GaAs 
and  4.0  nm  AlAs,  and  sample  2  with  50  periods  of 
14.4  nm  GaAs  and  3.4  nm  AlAs.  In  both  samples 
the  superlattice  and  two  significantly  larger  wells 
are  forming  the  intrinsic  region  of  a  p-i-n  diode. 
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The  p  and  n  regions  consists  of  highly  doped 
Alo.5Gao.5As  layers.  The  samples  were  grown  by 
molecular-beam  epitaxy  on  a  (lOO)-oriented  n+- 
GaAs  substrate  and  processed  into  mesas  of  450 
and  120  gm  diameter.  Ohmic  Cr/Au  contacts 
were  alloyed  on  the  top  and  AuGe/Ni  contacts 
on  the  substrate  side.  Under  a  reverse  bias  volt¬ 
age  VA  no  carriers  are  injected  via  the  contacts. 
The  applied  electric  field  is  given  by  FA  =  (VB1- 
VA)/W,  where  Vm  denotes  the  built-in  voltage 
and  W  the  width  of  the  intrinsic  region.  Using  an 
optical  fiber  the  sample  is  illuminated  in  the  bore 
of  a  magnet  at  an  intensity  of  ~  30  mW/cm2 
with  a  Ti-sapphire  laser  which  is  pumped  by  an 
Ar+  laser.  To  achieve  a  rather  homogeneous 
carrier  distribution  over  the  whole  SL  the  wave¬ 
length  of  the  Ti-sapphire  laser  is  chosen  to  be  750 
nm.  The  excited  carrier  concentration  is  esti¬ 
mated  to  be  below  109  cm-2.  The  photocurrent- 
voltage  (I-V)  characteristics  are  recorded  with  a 
Hewlett-Packard  4140B  pA  meter  while  the  dif- 
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ferential  conductivity-voltage  (dl/dV  —  V)  traces 
are  obtained  using  a  standard  ac  modulation 
lock-in  technique.  All  measurements  are  per¬ 
formed  at  a  temperature  of  1.5  K. 

In  sample  1  we  observe  LL  tunneling  of  elec¬ 
trons.  In  Fig.  1  the  absolute  value  of  the  pho¬ 
tocurrent  at  0  and  8  T  applied  perpendicular  to 
the  layers  (parallel  to  the  current)  is  plotted  ver¬ 
sus  the  applied  voltage  VA  for  sample  1.  The  four 
maxima  in  the  I-V  trace  at  0  T  can  be  attributed 
to  resonant  coupling  of  adjacent  wells  in  the  SL. 
The  maximum  at  -4.7  V  occurs  when  the  first 
and  second  electronic  subbands  are  aligned.  The 
maxima  at  +0.75  and  —0.8  V  correspond  to  hole 
resonances  between  the  lowest  heavy  hole  (HH1) 
and  light  hole  (LH1)  subbands  without  and  with 
LO-phonon  (GaAs)  emission.  The  resonance  at 
-0.1  V  is  due  to  LO-phonon-assisted  tunneling 
between  the  lowest  electronic  as  well  as  valence 
subbands.  The  I-V  characteristics  at  8  T  show  a 
large  number  of  oscillations  which  can  be  better 
resolved  by  subtracting  the  0  T  trace  from  it 
(inset  in  Fig.  1).  The  period  of  the  oscillations 
AF^  corresponds  to  an  energy  difference  A£  = 
edkvA/W  «  12.5  meV  which  agrees  well  with  the 
cyclotron  energy  ho)c  (a)c  =  eB/m*)  using  a 
slightly  heavier  electron  effective  mass  ra*  than 
in  bulk  GaAs.  d  denotes  the  period  of  the  SL  (13 
nm).  These  resonances  are  therefore  identified  as 
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Fig.  1.  Absolute  value  of  the  photocurrent  at  0  and  8  T 
applied  perpendicular  to  the  layers  vs  applied  voltage  for 
sample  1.  For  clarity  the  trace  at  8  T  is  shifted  by  0.5  fxA.  The 
inset  shows  the  I-V  characteristics  at  8  T  subtracted  by  the  0 
T  trace. 
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Fig.  2.  Peak  positions  for  LO-phonon-assisted  LL  tunneling 
(dots)  for  sample  1  and  calculated  Landau  fan  taking  conduc¬ 
tion-band  nonparabolicities  into  account  (solid  lines).  The 
energies  of  the  GaAs  LO  phonon  (36.2  meV),  the  AlAs  LO 
phonon  (50.1  meV),  and  twice  the  GaAs  LO  phonon  (72.4 
meV)  are  indicated  by  horizontal  lines. 

LL  transitions  of  electrons  between  adjacent 
wells.  The  selection  rule  An  =  0  for  resonant  LL 
tunneling  is  broken  by  elastic  scattering  processes 
or  inelastic  scattering  mechanisms  such  as  optical 
phonon  emission. 

We  will  focus  on  the  LO-phonon  assisted  reso¬ 
nances,  which  dominate  in  the  I-V  traces.  In  Fig. 
2  the  corresponding  energy  positions  ( E  =  edFA) 
of  the  resonance  peaks  above  30  meV  are  plotted 
versus  the  applied  magnetic  field.  The  size  of  the 
dots  is  proportional  to  the  relative  strength  of  the 
peaks  in  the  I-V  trace.  A  Landau  fan  originating 
from  the  GaAs  LO-phonon  assisted  resonance  at 
36.2  meV  is  clearly  resolved.  Transitions  with  a 
change  in  the  Landau  index  An  from  0  up  to  9 
are  visible.  Due  to  the  low  carrier  concentration, 
electrons  are  only  injected  from  the  n  =  0  LL  into 
higher  levels  of  the  adjacent  well.  Because  of  the 
large  barrier  height  and  the  weak  coupling  in  this 
SL,  the  injected  electrons  relax  to  the  ground 
level  before  tunneling  into  the  next  well  can 
occur.  Taking  into  account  the  conduction-band 
nonparabolicities  [1]  we  calculate  the  0  ->  n  reso¬ 
nance  energies.  The  corresponding  Landau  fan  is 
plotted  in  Fig.  2.  The  experimental  data  are  well 
described  above  twice  the  LO-phonon  energy 
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(2 h(oQ)  of  72.4  meV.  Below  2 fuo0  the  transition 
energies  are  strongly  renormalized,  e.g.  the  A  n  = 
2  resonance  displays  a  LL  anticrossing  and  split¬ 
ting  at  2hojQ  for  a  magnetic  field  of  11.3  T.  This 
magnetic  field  strength  corresponds  to  o)c  =  (o0/2. 
In  addition,  at  high  magnetic  fields  a  pinning  at 
2 h(o0  is  apparent.  These  phenomena  can  be  un¬ 
derstood  within  the  theory  of  2D  magnetopo- 
larons  [2].  A  detailed  discussion  of  the  theoretical 
calculations  and  a  quantitative  comparision  with 
the  experimental  data  is  presented  in  Ref.  [3]. 
Resonant  LL  tunneling  of  electrons  due  to  elastic 
scattering  is  also  reported  in  Ref.  [3].  Further¬ 
more,  resonances  due  to  the  emission  of  zone- 
folded  acoustics  phonons  are  identified. 

Since  both  electrons  and  holes  are  excited,  the 
question  arises  whether  resonant  LL  tunneling  of 
holes  can  also  be  observed  in  these  structures. 
While  there  is  some  evidence  for  tunneling  be¬ 
tween  hole  LLs  in  sample  1  [3]  it  turns  out  that 
the  magnetic  field  traces  of  sample  2  are  domi¬ 
nated  by  hole  resonances.  In  sample  2  the  I-V 
characteristics  also  exhibit  a  large  number  of  os¬ 
cillations  in  a  perpendicular  magnetic  field,  which 
however  can  be  much  better  resolved  in  the 
dl/dV-  V  characteristics,  since  their  amplitude 
is  much  smaller  than  in  sample  1.  In  Fig.  3  the 
dl/dV—V  traces  at  0,  4  and  10  T  are  plotted 


Applied  Voltage  (V) 

Fig.  3.  Differential  conductivity  at  0,  4  and  10  T  applied 
perpendicular  to  the  layers  vs  applied  voltage  for  sample  2. 
For  clarity  the  traces  at  0  and  4  T  are  shifted  by  12  and  24  (jlS, 
respectively. 


versus  the  applied  voltage  VA.  The  zero  intersects 
of  the  0  T  trace  at  +0.7  and  -2.8  V  correspond 
to  resonant  tunneling  between  the  HH1  and  LH1 
subbands  and  to  the  resonance  between  the  first 
and  second  electronic  subbands,  respectively.  The 
dip  at  -0.6  V  indicates  the  resonance  due  to 
LO-phonon-assisted  tunneling.  At  4  T  the  HH1- 
LH1  resonance  is  split  into  two  distinct  peaks.  In 
addition,  a  series  of  oscillations  evolves  from  the 
LO-phonon  resonance.  At  10  T  the  LO-phonon 
peak  has  become  very  pronounced  and  the  oscil¬ 
latory  structure  at  higher  electric  fields  dominates 
the  spectrum.  We  want  to  emphazise  two  key 
features  of  the  spectra.  Firstly,  we  note  that  the 
spacing  between  peaks  at  electric  fields  beyond 
—  2  V  does  not  increase  with  increasing  magnetic 
field  as  would  be  expected  from  LLs  of  electrons. 
Secondly,  if  one  plots  the  position  of  the  reso¬ 
nances  as  a  function  of  the  magnetic  field,  one 
observes  a  large  number  of  anticrossings  and 
splittings.  This  is  accompanied  by  a  strong  modu¬ 
lation  of  the  oscillator  strength  of  the  resonances 
resulting  in  regions  of  large  and  small  amplitudes. 
We  therefore  identify  the  resonances  as  LL  tun¬ 
neling  of  holes.  The  anticrossing  behaviour  at 
higher  electric  fields,  thus  higher  energies,  re¬ 
flects  the  interaction  of  LLs  originating  from  the 
different  hole  subbands. 

In  order  to  get  a  better  understanding  of  the 
underlying  physics  we  calculate  the  valence-band 
LLs  for  a  14.4  nm  GaAs/AlAs  quantum  well  in 
the  magnetic  field.  The  HH-LH  admixture  is 
fully  taken  into  account  by  a  4  X  4  Luttinger 
Hamiltonian.  For  a  detailed  discussion  of  the 
theoretical  calculation  we  refer  to  Ref.  [4].  In  the 
axial  approximation  the  exact  solution  of  the 
Hamiltonian  for  a  magnetic  field  in  the  z  direc¬ 
tion  (perpendicular  to  the  layers)  is  then  given  by 
a  linear  combination 

\ty)=a\n,  f,-f)+/3|rc-l,  §,-£> 

+  y\n  —  2,  f,+  ^)+5|n  —  3,  §,+  f), 

(1) 

with  |  m,  /,  Jz)  =  0  for  m<  0.  The  index  n  de¬ 
notes  the  Landau  orbital  quantum  number  while 
J  is  the  total  angular  momentum  of  the  Ts  va¬ 
lence-bands  and  Jz  is  its  z-component.  The  wave- 
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Fig.  4.  (a)  Positions  of  differential  conductivity  minima  below  the  GaAs  LO  phonon  emission  line  for  sample  2.  The  size  of  the  dots 
denotes  the  relative  strength  of  the  peaks,  (b)  Calculated  transition  energies  from  HH1(0  +  )  to  LH1(1+),  LH1(2“)  and  HH1(3"). 


functions  can  be  labeled  according  to  their  largest 
component  in  the  limit  2? ->  0,  i.e.  HHz'C/i*), 
where  i  refers  to  the  subband  and  a  +  or  -  sign 
to  spin  up  or  down.  In  a  14.4  nm  quantum  well 
the  HH1(0+)  is  the  lowest  level  for  all  magnetic 
field  strengths.  We  assume  that  due  to  the  low 
carrier  concentration  holes  are  only  injected  from 
this  level  into  higher  levels  of  the  adjacent  well. 

We  now  discuss  which  resonances  can  be  ob¬ 
served  in  the  experiment.  Since  their  in-plane 
wavefunctions  overlap  according  to  Eq.  (1)  LL 
transitions  from  the  HH1(0  +  )  into  the  LH1(1  +  ), 
LH1(2-)  and  HH1(3~)  should  be  possible  with¬ 
out  a  scattering  process.  In  Fig.  4  the  calculated 
resonances  can  be  identified  in  the  plot  of  the 
resonance  positions  below  the  GaAs  LO-phonon 
emission  line.  The  additional  resonances  ob¬ 
served  in  the  experiment  may  be  due  to  elastic 
scattering.  On  the  other  hand  the  Frohlich  inter¬ 
action  should  mediate  transitions  between  levels 
of  different  orbital  quantum  number  under  con¬ 


servation  of  angular  momentum.  Therefore  we 
expect  tunneling  resonances  from  the  HH1(0+) 
level  into  +  )  states  with  emission  of  an 

LO-phonon.  In  Fig.  5  we  have  plotted  the  calcu¬ 
lated  resonances  and  the  experimentally  observed 
resonances  due  to  LO-phonon  emission.  It  is 
apparent  that  not  all  calculated  tunneling  reso¬ 
nances  are  observed  in  the  experiment.  However, 
it  is  very  likely  that  the  probability  for  tunneling 
with  LO-phonon  emission  into  some  levels  is 
larger  than  into  others  and  not  even  the  same  for 
all  magnetic  field  strengths.  The  evaluation  of 
such  selection  rules  will  require  a  detailed  theo¬ 
retical  analysis  and  is  beyond  the  scope  of  this 
paper.  A  tunneling  resonance  close  to  the  AlAs 
LO-phonon  energy  at  50.1  meV  can  also  be  iden¬ 
tified.  Finally,  it  should  be  mentioned  that  the 
results  of  the  calculations  are  very  sensitive  to  the 
valence-band  parameters  used,  especially  in  the 
case  of  wider  quantum  wells  as  studied  in  this 
experiment.  Furthermore,  a  more  complete  calcu- 


Fig.  5.  (a)  Positions  of  differential  conductivity  minima  for  LO-phonon-assisted  LL  tunneling  for  sample  2.  The  size  of  the  dots 
denotes  the  relative  strength  of  the  peaks,  (b)  Calculated  transition  energies  from  HH1(0  +  )  to  HH1(«+)  with  n  =  0,  1,. . .,  16. 
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lation  should  take  into  account  the  effect  of  the 
applied  electric  field,  i.e.  the  shift  of  the  levels 
due  to  the  quantum-confined  Stark  effect. 

In  summary,  we  have  presented  a  study  of 
resonant  LL  tunneling  between  2D  systems.  In 
sample  1  resonances  of  electrons  up  to  An  =  9 
are  identified.  The  corresponding  Landau  fan  can 
be  simulated  when  conduction  band  nonparabol- 
icities  are  included.  In  sample  2  LL  tunneling 
resonances  of  holes  are  observed  and  compared 
to  calculations  taking  into  account  the  complex 
valence-band  structure  in  the  magnetic  field. 
However,  in  order  to  obtain  a  better  agreement 
more  theoretical  work  is  necessary.  Finally,  an 
open  question  originates  from  the  fact  that  in  one 
sample  we  observe  LL  tunneling  of  electrons 
while  in  the  other  sample  the  tunneling  reso¬ 
nances  are  due  to  holes. 
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Abstract 

The  low  DC  field  conductance  and  the  nonlinear  I-V  characteristics  of  GaAs/Al070Ga030As  superlattices  have 
been  measured  in  the  presence  of  intense  electric  fields  produced  by  UCSB’s  free-electron  lasers.  The  DC 
conductance  exhibits  oscillatory  behavior  as  a  function  of  terahertz  field  strength  that  resembles  the  zeroth-order 
Bessel  function,  J0(edEAC/hco),  where  e ,  d ,  and  EAC  are  the  electron  charge,  superlattice  period  and  AC  field 
strength,  respectively.  The  I-V  characteristics,  measured  between  600  GHz  and  3.1  THz,  display  new  steps  and 
plateaus.  The  dependence  of  the  new  structure  of  frequency  suggests  the  presence  of  new  conduction  channels  that 
are  most  naturally  assigned  to  photon-mediated  sequential  tunneling. 


1.  Introduction 

Since  the  pioneering  work  of  Esaki  and  Tsu  in 
1970  [1]  there  has  been  much  attention  given  to 
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the  transport  properties  of  superlattices  in  in¬ 
tense  AC  electric  fields.  The  theoretical  work  is 
vast  and  contains  several  remarkable  predictions, 
such  as  self-induced  transparency,  negative  dif¬ 
ferential  and  absolute  conductivity  [2-7],  and 
more  recently  the  collapse  of  quasi-energy  mini¬ 
bands  [8].  Almost  as  remarkable  as  the  theoreti¬ 
cal  predictions  is  the  absence  of  experimental 
work  to  support  them.  However,  if  one  examines 
the  conditions  necessary  for  the  theories  to  be 
valid,  this  absence  is  not  surprising.  The  simulta¬ 
neous  conditions  of  intense  and  high-frequency 
radiation  requiring  cor  >  1  and  eEACd/hco>  1, 
where  d  is  the  superlattice  period  and  r  is  the 
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mean  scattering  time,  are  not  easily  satisfied  by 
conventional  sources.  However,  for  typical  scat¬ 
tering  times,  r  ~  10 12  s,  the  terahertz  regime  pro¬ 
vides  an  obtainable  compromise  between  the  re¬ 
quirements  of  high  frequency  and  high  electric 
fields.  These  conditions,  in  the  terahertz  regime, 
can  be  satisfied  by  UCSB’s  free-electron  lasers, 
which  produce  tunable  radiation  from  180  GHz 
to  4.8  THz  at  kilowatt  power  levels.  Details  of  the 
UCSB  lasers  are  given  elsewhere  [9]. 

In  this  article  we  report  results  of  two  trans¬ 
port  measurements  on  semiconductor  superlat¬ 
tices  in  the  sequential  tunneling  regime  subjected 
to  intense  terahertz  radiation.  The  first  measure¬ 
ment  presented  is  of  the  low  DC  field  conduc¬ 
tance  as  a  function  of  laser  field  strength,  and  the 
second  measurement  is  of  the  current-voltage 
(I-V)  characteristics  of  superlattices  in  the  pres¬ 
ence  of  intense  terahertz  radiation. 


2.  Experimental  setup 

Both  the  measurement  of  the  low  DC  field 
conductance  and  the  I-V  characteristics  involved 
the  same  samples  and  experimental  setup.  The 
samples  were  100  periods  of  MBE-grown  super¬ 
lattice  with  33  nm  wide  quantum  wells  separated 
by  4  nm  barriers.  The  superlattice  was  grown  on 
an  n+  GaAs  substrate  and  capped  by  a  100  nm 
thick  GaAs  layer  doped  with  Si  to  n  =  2  X  10 18 
cm-3,  and  the  superlattice  itself  was  uniformly 
doped  with  Si  to  n  =  2  X  10 18  cm-3.  Square  mesas 
approximately  200  /jlir  wide  and  3.7  /mm  high 
were  defined  by  standard  lithographic  techniques. 
Ni/AuGe/Ni/Au  contacts  were  alloyed  on  both 
the  substrate  and  the  mesa  for  45  s  at  430°C. 
After  bonding  25  /xm  Au  wires  to  both  contacts, 
the  samples  were  mounted  in  a  temperature-con¬ 
trolled  flow-type  cryostat  with  Z-cut  crystal  quartz 
windows.  The  bonded  Au  wires  acted  as  antennas 
to  couple  the  radiation  into  the  sample  and  the 
angle  of  incidence  was  adjusted  to  maximize  the 
signal  at  different  frequencies.  The  absolute  cou¬ 
pling  of  radiation  into  the  sample  is  not  known. 
However,  as  will  be  discussed  in  the  next  section, 
qualitative  comparisons  of  the  data  to  simple 
conductance  calculations  suggest  field  strengths 
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Fig.  1.  Static  I-V  characteristic  at  84  K. 


in  the  sample  of  several  kV/cm,  which  are  com¬ 
parable  to  the  free  space  electric  fields. 

Both  the  measurement  of  the  low  DC  field 
conductance  and  the  I-V  characteristic  in  the 
presence  of  the  FEL  can  be  discussed  in  terms  of 
the  static  I-V ,  which  is  shown  in  Fig.  1.  The 
essential  features  of  the  static  I-V  are  explained 
by  the  alignment  of  the  energy  levels.  At  low  bias 
the  ground  states  are  aligned  and  the  electric 
field  is  uniform  throughout  the  superlattice;  this 
is  characterized  by  an  ohmic  region  in  the  I-V. 
As  the  bias  is  increased  the  sample  breaks  into 
high  and  low  electric  field  domains  [10],  with 
different  state  alignments  in  each  domain.  Even¬ 
tually,  the  high  field  domain  will  encompass  the 
entire  sample  and  the  electric  field  will  be  uni¬ 
form  again.  This  is  characterized  by  a  local  maxi¬ 
mum  in  the  I-V  curve. 


3.  Low  DC  field  conductance 

The  low  DC  field  conductance  shown  in  Fig.  2 
was  obtained  by  measuring  the  current  through 
the  sample  at  a  fixed  DC  bias  of  20  mV  as  the 
power  into  the  sample  was  varied  with  attenua¬ 
tors.  The  oscillatory  behavior  of  the  conductance 
is  very  similar  to  that  of  the  zeroth-order  Bessel 
function,  J0(edEAC/h(o),  whose  appearance  is 
common  to  theories  on  superlattices  in  intense 
AC  electric  fields.  For  superlattices  in  the  se¬ 
quential  tunneling  regime,  transport  in  AC  elec- 
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Fig.  2.  The  low-voltage  conductance  (solid  points)  and  the 
model  discussed  in  the  text  (dotted  line)  as  a  function  of  the 
incident  terahertz  electric  field  strength.  The  static  I-V  (solid 
line)  is  shown  for  comparison. 


Fig.  3.  I-V  characteristics  at  75  K  measured  without  (solid 
line)  and  with  the  sample  in  the  presence  of  terahertz  radia¬ 
tion  at  2.11  THz  (dashed  lines),  1.83  THz  (dotted  line)  and 
1.50  THz  (dash-dotted  line). 


trie  fields  can  be  thought  of  in  terms  of  the 
formation  of  photon  sidebands.  In  this  picture 
the  DC  conductance  at  low  field  goes  like  /02. 
Details  of  this  theory  can  be  found  in  Ref.  [11]. 

As  an  alternate  explanation,  we  present  a  sim¬ 
ple  empirical  picture  whose  formulation  starts 
with  the  static  I-V.  In  this  scheme,  an  effective 
DC  conductance  is  obtained  by  time  averaging 


the  AC  electric  current  over  a  single  period  of 
the  laser  field, 


I{E(  0) 


where  E{t )  =  E0  +  E1  sin  cot , 

where  E0  is  the  DC  bias,  El  is  the  amplitude  of 
the  laser  field,  and  the  current  as  a  function  of 


Frequency  (THz) 


Fig.  4.  The  position  in  voltage  of  the  AC-induced  tunneling  steps  as  a  function  of  frequency.  The  solid  lines  are  calculated,  where 
N  is  the  number  of  quantum  wells,  and  the  dotted  lines  are  the  best  fits  to  the  data. 
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electric  field  is  obtained  from  the  static  I-V.  In 
Fig.  2  the  second  maxima  in  the  conductance 
data  and  the  calculation  have  been  identified. 
This  comparison  suggests  that  a  maximum  elec¬ 
tric  field  of  4.76  kV/cm  has  been  coupled  into 
the  sample,  which  is  close  to  the  measured  free 
space  electric  fields.  In  the  model  the  I-V  char¬ 
acteristic  and  the  concomitant  domains  must  re¬ 
spond  at  terahertz  frequencies. 

4.  I-V  characteristics  in  the  presence  of  intense 
terahertz  radiation 

Fig.  3  shows  the  I-V  characteristics  of  the 
superlattice  in  the  presence  of  the  FEL  at  three 
different  frequencies,  where  the  solid  line  is  the 
static  I-V .  Most  noteworthy  is  the  appearance  of 
new  steps  and  plateaus  in  the  presence  of  the 
FEL  whose  location  in  voltage  varies  as  a  func¬ 
tion  of  frequency.  In  Fig.  4  we  plot  the  location  of 
the  steps  in  voltage  versus  frequency,  where  the 
dotted  lines  are  the  bests  fits  to  the  data  and  the 
solid  lines  are  calculated  using  the  envelope  func¬ 
tion  approximation.  It  should  be  pointed  out  that 
the  lower  set  of  data  in  Fig.  4  corresponds  to  the 
region  of  the  I-V  characteristic  shown  in  Fig.  3 
and  the  upper  set  of  data  corresponds  to  a  higher 
voltage  region  of  the  I-V  not  shown  in  Fig.  3. 

The  physical  origin  of  the  steps  and  plateaus 
can  be  understood  in  terms  of  sequential  reso¬ 
nant  tunneling  into  photon  sidebands.  In  such  a 
process,  an  electron  absorbs  a  photon  and  is 
excited  to  a  photon  sideband  he*  above  the  ground 
state,  subsequently  the  electron  tunnels  into  an 
excited  state  of  the  adjacent  well  and  this  is 
followed  by  the  relaxation  of  energy  back  down  to 
the  ground  state.  The  solid  lines  and  the  accom¬ 
panying  formulas  in  Fig.  4  are  the  mathematical 
statement  of  this  process,  and  the  energy  level 
diagram  with  sidebands  in  Fig.  4  describes  the 
process  that  corresponds  to  the  lower  set  of  data. 


5.  Conclusion 

We  have  observed  photon-assisted  sequential 
resonant  tunneling  in  semiconductor  superlattices 


using  terahertz  radiation  from  the  UCSB  FELs. 
These  new  tunneling  mechanisms  can  be  ex¬ 
plained  in  terms  of  well-to-well  resonant  tunnel¬ 
ing  from  photon  sidebands.  We  have  also  ob¬ 
served  the  oscillatory  quenching  of  the  DC  con¬ 
ductivity  as  a  function  of  AC  field  strength,  al¬ 
though,  the  interpretation  is  still  open  to  ques¬ 
tion.  These  set  of  measurements  open  the  possi¬ 
bility  of  carrying  out  Biittiker  and  Landauer’s 
gedanken  experiment  to  measure  the  tunneling 
time  [12,13].  Future  measurements  will  focus  on 
understanding  the  stimulated  emission  tunneling 
channels  and  how  the  quenching  of  the  DC  con¬ 
ductivity  scales  with  laser  frequency,  superlattice 
parameters  and  temperature. 
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Abstract 

We  have  measured  the  broad-band  terahertz  response  of  state  of  the  art  InGaAs/AlAs  and  InAs/AlSb  resonant 
tunneling  diodes  from  180  GHz  to  3.6  THz  using  the  free-electron  lasers  at  UCSB.  A  tungsten  whisker  antenna  in  a 
conventional  probe  station  is  used  to  couple  the  far-infrared  radiation  into  the  device.  Normalizing  the  resonant 
tunneling  response  with  the  off-resonant  response  allows  us  to  circumvent  the  much  slower  RC  time  constant  of  the 
device  and  consequently  enables  a  measurement  of  the  relaxation  time  due  to  the  quantum  inductance. 


1.  Introduction 

The  potential  applications  of  resonant  tunnel¬ 
ing  diodes  (RTDs)  in  high  speed  electronics  has 
prompted  extensive  research  into  the  fundamen¬ 
tal  limits  of  quantum  transport  in  these  systems. 
High  speed  operation  of  these  devices  has  been 
demonstrated  in  picosecond  switches  [1]  and  high 
frequency  negative  resistance  oscillators  [2].  Limi¬ 
tations  in  the  transport  time  are  due  to  both  the 
extrinsic  RC  time  constant  and  the  intrinsic 
“quantum  well  inductance”.  Recently  there  has 
been  substantial  improvements  in  minimizing  the 
RC  time  constant  [3].  As  improvements  in  reduc¬ 
ing  the  extrinsic  response  times  continue,  the 
device  response  time  will  approach  the  limitation 
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imposed  by  the  intrinsic  response  times  due  to 
the  quasi-bound  state  escape  time  [4].  In  this 
experiment  it  appears  that  we  can  avoid  the  ex¬ 
trinsic  limitations  of  the  RTD  and  measure  in¬ 
trinsic  effects. 


2.  Resonant  tunneling  diodes 

The  resonant  tunneling  structures  used  in  this 
present  work  are  drawn  from  two  different  mate¬ 
rial  systems.  Both  RTDs  exhibit  high  peak-to-val- 
ley  ratios  and  large  current  densities  at  room 
temperature,  an  important  necessity  in  real  de¬ 
vice  applications.  The  RTD  based  on  the 
InGaAs/AlAs  material  system  consists  of  8  mL 
AIAs  barriers,  a  15  mL  InGaAs  quantum  well 
and  a  1000  A  depletion  layer  latticed  matched  to 
an  InP  substrate,  and  exhibits  a  room  tempera¬ 
ture  peak  current  density  of  7.6  X  104  A/cm2  and 
a  peak-to-valley  current  ratio  as  high  as  25:1. 
The  DC  room  temperature  current-voltage  curve 
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The  FIR  is  focused  onto  the  5  ptm  square 
diodes  in  a  conventional  probe  station  with  a 
tungsten  probe  tip  acting  as  both  the  basic  elec¬ 
trical  contact  for  the  diode  as  well  as  a  broad 
band  antenna  coupling  the  radiation  into  the 
diode.  A  second  probe  tip,  removed  from  the 
influence  of  the  FIR,  serves  as  the  substrate 
contact.  Using  the  diode  as  its  own  detector,  at 
various  terahertz  frequencies  both  the  DC  cur¬ 
rent  and  the  current  induced  by  the  terahertz 
radiation  are  measured  as  a  function  of  the  ap¬ 
plied  bias.  We  are  particularly  interested  in  com- 
Applied  Voltage  (V)  paring  the  response  on  and  off  resonance. 

Fig.  1.  DC  IV  curve  for  InGaAs/AlAs  RTD. 


is  shown  in  Fig.  1.  A  second  device  based  on  the 
InAs /AlSb  material  system  has  5  mL  AlSb  barri¬ 
ers,  a  25  mL  quantum  well  and  a  500  A  depletion 
layer  on  a  GaAs  substrate  and  exhibits  a  room 
temperature  peak  current  density  of  3.0  X  10 5 
A/cm2  and  a  peak-to-valley  ratio  of  3:1.  This 
structure  is  similar  to  a  device  which  has  been 
observed  to  oscillate  at  712  GHz  [6].  All  samples 
were  grown  by  molecular  beam  epitaxy  with  heav¬ 
ily  doped  layers  on  either  sides  of  the  RTD 
structures.  Electrical  isolation  of  the  diodes  was 
accomplished  by  a  simple  wet  mesa  etch. 


3.  Experimental  setup 

Our  terahertz  radiation  sources  are  the  free- 
electron  lasers  at  UCSB  [5],  which  are  capable  of 
providing  tunable  high  power  far-infrared  (FIR) 
radiation  over  the  broad  frequency  range  of  120 
GHz  to  5  THz. 

Following  the  approach  of  Sollner  and  co¬ 
workers  [6],  we  exploit  the  non-linearity  in  the 
current-voltage  characteristic  of  a  resonant  tun¬ 
neling  diode  to  measure  changes  in  the  DC  IV 
curve  due  to  an  applied  terahertz  field.  An  ap¬ 
plied  oscillating  signal  will  shift  the  bias  point  of 
the  RTD  thereby  producing  a  time  averaged  rec¬ 
tified  response.  For  small,  low  frequency  AC 
fields,  the  induced  current  in  the  device  will  be 
proportional  to  the  second  derivative  of  the  DC 
IV  curve. 


4.  RTD  rectified  response 

Shown  in  Fig.  2  is  a  plot  of  the  induced  current 
(81)  in  the  diode,  the  diode  response,  as  a  func¬ 
tion  of  the  applied  voltage.  The  frequency  of  the 
FIR  is  3.6  THz.  The  diode  response  for  voltages 
below  the  negative  differential  resistance  onset 
voltage  (Endr  =  4.5  V)  corresponds  to  the  reso¬ 
nant  tunneling  regime.  Here  the  quasi-bound 
state  in  the  quantum  well  remains  above  the 
emitter  conduction  band  edge.  The  points  above 
KNDr  represent  the  off-resonant  condition,  oc¬ 
curring  when  the  well  state  has  moved  below  the 
conduction  band  edge. 

The  frequency  dependent,  at  a  diode  operat¬ 
ing  current  of  2  mA,  is  shown  in  Fig.  3.  The 
measured  diode  response  is  seen  to  be  over¬ 
whelmed  by  antenna  effects  with  the  response 


0.0  1.0  2.0  3.0  4.0  5.0  6.0 

Applied  Voltage  (V) 


Fig.  2.  RTD  rectified  response  at  3.6  THz  as  a  function  of  the 
DC  bias  point. 


J.S.  Scott  et  al  /  Surface  Science  305  (1994)  389-392 


391 


Fig.  3.  InGaAs/AlAs  frequency  dependence. 


exhibiting  an  inverse  o)4  behavior.  With  the  de¬ 
vice  capacitance  dominating,  any  intrinsic  induc¬ 
tive  effects  due  to  the  RTD  are  unobservable.  To 
eliminate  the  device  capacitance  effects  and  es¬ 
sentially  all  extrinsic  effects,  the  diode  response 
in  the  resonant  tunneling  regime  (S/on_res)  is  nor¬ 
malized  by  the  off-resonant  response  (S/off_res). 
This  serves  to  remove  the  antenna  effects  and  it 
is  the  curve  shapes  which  will  carry  the  frequency 
dependence  of  the  now  intrinsic  diode  response. 

The  normalized  frequency  response,  5/on_res/ 
8I0 ff-res,  for  the  InGaAs/AlAs  RTD  and  for 
the  InAs/AlSb  RTD  is  shown  in  Fig.  4.  The 
InGaAs/AlAs  RTD  displays  a  roll  off  behavior 
at  650  GHz,  and  the  InAs/AlSb  RTD  a  roll  off 
at  1.9  THz. 


Fig.  4.  The  frequency  response  for  the  InGaAs/AlAs  RTD 
and  the  InAs/AlSb  RTD.  The  normalized  rectified  response 
for  InGaAs/AlAs  exhibits  a  roll  off  at  650  GHz  and  for 
InAs/AlSb  a  roll  off  at  1.9  THz. 


This  is  not  the  RC  roll  off.  By  normalizing  the 
rectified  response  we  have  eliminated  the  much 
slower  RC  time  constant  of  the  devices.  The  RC 
roll  off  actually  occurs  below  200  GHz,  while  the 
roll  offs  shown  are  well  above  this  frequency. 

To  better  understand  this  behavior  we  look  to 
the  lumped  circuit  model  [4]  which  assumes  a 
simple  exponential  relaxation  of  the  tunneling 
current  where  the  relaxation  time  r  is  modeled 
by  a  quantum  inductance,  Lqw  =  Rt,  where  R  is 
the  tunneling  resistance.  We  assume  that  the 
induced  or  rectified  current  relaxes  in  the  same 
manner.  The  frequency  dependence  is  then  given 
by, 

1 

^induced  ^  ~  ~Z  TT  * 

1  +  (0)Tj 

For  a  simple  relaxation  of  this  type  occurring 
in  both  the  on  and  off  resonant  tunneling  regimes, 
our  normalized  response  would  behave  as, 

8/on  ^  1  +  (<» Toff/ 

8/o ff  l  +  (wTon)2 

Using  this  form  for  the  ratio  of  the  relaxation 
of  the  induced  current  in  the  resonant  and  non¬ 
resonant  state  we  can  extract  the  two  times  ron 
and  roff.  The  time  ron  being  the  relaxation  time 
associated  with  resonant  tunneling  and  roff  the 
off-resonant  tunneling  time.  The  times  can  be 
obtained  directly  from  the  roll  off  point  which  is 
at  coron  =  1  and  from  the  ratio  of  the  high  fre¬ 
quency  response  to  the  low  frequency  response 
which  gives  the  ratio  of  the  relaxation  times.  For 
the  InGaAs/AlAs  RTD  we  obtain  170  and  240 
fs,  and  for  the  InAs/AlSb,  85  and  45  fs  for  the 
relaxation  times  ron  and  roff  respectively. 

Although  the  linear  response  is  expected  to  be 
dominated  by  the  quantum  well  inductance  at 
terahertz  frequencies  [7],  published  theories  of 
the  rectified  response  show  either  no  relaxation 
[8]  or  internal  resonances  [9].  Wingreen  [8]  uses  a 
transmission-coefficient  approach  to  derive  a  co¬ 
efficient  of  rectification.  The  form  of  the  coeffi¬ 
cient  is  such  that  at  room  temperature  we  would 
expect  a  flat,  frequency  independent,  response. 
Frensley  [9]  on  the  other  hand,  working  from  a 
truly  open  quantum  system  premise  uses  a  kinetic 
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theory  based  upon  the  Wigner-Weyl  transforma¬ 
tion  of  the  density  operator  to  model  the  AC 
small  signal  response  of  an  GaAs/AlGaAs  RTD. 
In  this  model  the  coefficient  of  rectification  ex¬ 
hibits  a  region  of  resonant  enhancement  when 
the  diode  is  biased  in  the  NDR  region.  It  must  be 
noted  that  within  this  approach  the  susceptance 
is  positive  up  to  frequencies  where  optical  transi¬ 
tions  become  important,  well  above  our  maxi¬ 
mum  frequency.  This  indicates  that  the  rectified 
response  is  actually  capacitive  and  not  inductive 
as  we  have  taken  it  to  be  here. 


*  5.  Conclusion 

In  conclusion,  we  have  probed  double  barrier 
resonant  tunneling  diodes  using  terahertz  radia¬ 
tion  from  the  UCSB  free-electron  lasers.  Normal¬ 
izing  the  resonant  tunneling  rectified  response 
with  the  off-resonant  response  enables  a  mea¬ 
surement  of  the  intrinsic  relaxation  times  associ¬ 
ated  with  the  inductive  nature  of  the  quantum 
well.  From  this  simple  relaxation  model  we  ex¬ 
tract  intrinsic  response  times,  ron  and  roff,  associ¬ 
ated  with  the  tunneling  current  on  and  off  reso¬ 
nance.  For  the  InGaAs/AIAs  RTD  we  obtain 
170  and  240  fs,  and  for  the  InAs/AlSb,  85  and  45 


fs  for  ron  and  roff,  respectively.  Finally,  existing 
theories  are  not  easily  reconciled  with  these  ex¬ 
periments. 


6.  Acknowledgments 

The  authors  wish  to  thank  the  staff  at  the 
Center  for  Free-Electron  Laser  Studies,  J.R. 
Allen,  G.  Ramian,  D.  White  and  in  particular  D. 
Enyeart  for  his  expertise  in  the  operation  of  the 
lasers. 


7.  References 

[1]  E.  Ozbay,  S.K.  Diamond  and  D.M.  Bloom,  Electron.  Lett. 
26  (1990)  1046. 

[2]  E.R.  Brown,  J.R.  Soderstrom,  C.D.  Parker,  L.J.  Mahoney, 
K.M.  Molvar  and  T.C.  McGill,  Appl.  Phys.  Lett.  58  (1991) 
2291. 

[3]  S.  Allen,  preprint/private  communication. 

[4]  E.R.  Brown,  C.D.  Parker  and  T.C.L.G.  Sollner,  Appl. 
Phys.  Lett  54  (1989)  934. 

[5]  G.  Ramian,  Nucl.  Instrum.  Methods  Phys.  Res.  A  318 
(1992)  225. 

[6]  T.C.L.G.  Sollner,  W.D.  Goodhue,  P.E.  Tannenwald,  C.D. 
Parker  and  D.D.  Peck,  Appl.  Phys.  Lett.  43  (1983)  588. 

[7]  Y.  Fu  and  S.C.  Dudley,  Phys.  Rev.  Lett.  70  (1993)  65. 

[8]  N.S.  Wingreen,  Phys.  Rev.  Lett.  56  (1990)  253. 

[9]  W.R.  Frensley,  Rev.  Mod.  Phys.  62  (1990)  745. 


ELSEVIER 


surface  science 


Surface  Science  305  (1994)  393-397 


Tunneling  between  highly  correlated  2D  electron  systems 

J.P.  Eisenstein  *,  L.N.  Pfeiffer,  K.W.  West 

AT&T  Bell  Laboratories,  Murray  Hill,  NJ  07974,  USA 
(Received  21  April  1993;  accepted  for  publication  17  June  1993) 


Abstract 

Experiments  on  the  tunneling  between  two  parallel  2D  electron  gases  at  high  magnetic  fields  are  discussed.  After 
reviewing  the  recent  discovery  of  a  broad  high  field  tunneling  gap  tied  to  the  Fermi  level,  several  new  results  are 
presented.  These  include  studies  of  the  detailed  shape  of  the  gap  near  onset  and  evidence  of  the  fractional  quantum 
Hall  effect  in  the  tunneling  characteristics.  Finally,  we  present  data  suggesting  that  effects  of  Coulomb  interactions 
on  the  tunneling  may  be  separable  into  two  distinct  regimes. 


Measurements  revealing  a  new  kind  of 
Coulomb  gap  in  the  tunneling  between  two  paral¬ 
lel  2D  electron  gases  in  GaAs  double  quantum 
wells  at  high  magnetic  fields  have  recently  been 
reported  [1],  In  contrast  to  the  sharply  resonant 
tunneling  characteristics  seen  at  B  =  0,  which  are 
consistent  with  a  simple  single-particle  descrip¬ 
tion  of  the  tunneling  process,  at  high  fields  a 
broad  ( ~  2  meV)  region  of  quenched  tunneling 
exists  at  the  Fermi  level  (i.e.  around  zero  bias). 
This  suppression,  or  tunneling  gap,  exists  over 
wide  ranges  of  magnetic  field  and  is  not  reflected 
in  ordinary  transport  studies  of  the  individual  2D 
layers  (which  display  the  integer  and  fractional 
Hall  effects).  This  new  gap  cannot  be  explained 
within  a  non-interacting  model  of  the  2D  systems. 
Instead,  we  have  argued  [1]  that  it  arises  from  the 
strongly  correlated  nature  of  2D  systems  at  high 
field,  particularly  in  the  lowest  Landau  level,  and 
is  not  crucially  dependent  upon  disorder.  In 
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essence,  the  tunneling  gap  reflects  the  Coulomb 
energy  required  to  rapidly  inject  an  electron  into 
this  highly  correlated  system.  The  observed  mag¬ 
nitude  of  the  gap  was  found  [1]  to  be  quite 
consistent  with  this  model.  After  briefly  summa¬ 
rizing  our  earlier  results,  a  number  of  new  find¬ 
ings  are  reported  here.  Among  these  are  studies 
of  the  detailed  shape  of  the  gap  edge  at  high 
magnetic  fields,  fingerprints  of  the  fractional 
quantum  Hall  effect  (FQHE)  on  the  tunneling 
and,  finally,  evidence  that  a  boundary  exists  be¬ 
tween  two  distinct  tunneling  regimes,  both  of 
which  support  a  tunneling  gap. 

The  double  quantum  well  (DQW)  samples  used 

•  o 

here  consist  of  two  200  A  wide  GaAs  wells  sepa¬ 
rated  by  a  175  A  wide  Al0  3Ga0  7As  barrier.  Each 
well  contains  a  2D  electron  gas  with  a  density 
around  ft12~1.6XlOn  cm-2  and  mobility  of 
3  X  10 6  cm2/V  •  s.  Separate  ohmic  contacts  to  the 
individual  2D  layers  are  established  using  a  selec¬ 
tive  depletion  technique  [2].  In  addition  to  stand¬ 
ard  magneto-transport  measurements  on  each 
layer,  these  contacts  also  allow  for  the  application 
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Fig.  1.  Tunneling  I-V  characteristics  at  7  =  0.6  K  for  mag¬ 
netic  fields  from  B  =  8  T  to  13.75  T  in  steps  of  0.25  T.  The 
curves  are  vertically  offset  for  clarity.  Inset:  Magnetic  field 
dependence  of  the  onset  (2 Ax)  and  peak  (2 A2)  voltages.  The 
solid  line  is  the  Coulomb  energy  Ec  =  e2 / e(a)  while  the 
dashed  line  is  0.4e2/e/0. 


of  an  inter-layer  voltage  V  and  the  measurement 
of  the  resulting  tunneling  current  I.  Both  /  ver¬ 
sus  V  and  dl/dV  versus  V  characteristics  can  be 
obtained.  At  B  =  0  sharply  resonant  tunneling 
characteristics  are  observed.  Within  a  single-par¬ 
ticle  picture  of  the  electron  gases  this  follows 
from  the  twin  constraints  of  energy  and  momen¬ 
tum  conservation.  In  fact,  the  observed  tunneling 
linewidth  (E0 «  0.3  meV)  provides  a  new  and 
direct  measure  of  the  electronic  lifetime  in  each 
layer  [3]. 

High  magnetic  fields  destroy  the  sharply  reso¬ 
nant  tunneling  signatures  seen  at  B  =  0.  In  Fig.  1 
low  temperature  I-V  characteristics  are  shown 
for  magnetic  fields  between  B  =  8  and  almost  14 
T.  For  this  field  range  the  Fermi  level  in  each  2D 
layer  lies  in  the  lower  spin  branch  of  the  lowest 
Landau  level,  with  the  filling  factor  ranging  from 
v  =  0.83  to  0.48.  (The  figure  contains  data  for 
V  >  0  only  since  the  tunnel  current  was  found  to 
be  closely  antisymmetric  in  voltage  for  the  pre¬ 
sent  case  of  equal  densities  in  the  two  layers.)  As 
the  figure  shows,  the  tunnel  current  is  extremely 
small  over  a  range  of  voltages  near  V=  0.  Above 
about  V  ~  2  mV  the  tunnel  current  rises  into  a 


broad  peak  centered  near  V  ~  7  mV,  before 
falling  to  near  zero  again  in  wide  high  energy  gap. 
A  second  peak,  whose  position  is  linearly 
dependent  upon  the  magnetic  field,  is  found  at 
still  higher  voltage;  this  has  been  identified  as 
due  to  tunneling  into  the  empty  first  excited 
Landau  level  [1].  Both  the  gap  around  V=  0  and 
the  broad  peak  near  7  mV  are  due  to  intra- lowest 
Landau  level  tunneling  events.  These  features  are 
not  strongly  sensitive  to  the  magnetic  field,  at 
least  over  the  range  covered  in  Fig.  1. 

We  have  argued  that  a  tunneling  gap  which 
tied  the  Fermi  level  is  intrinsic  to  Landau  quan¬ 
tized  2D  systems.  Put  simply,  the  gap  reflects  the 
Coulomb  energy  required  to  rapidly  inject  (ex¬ 
tract)  a  magnetically  localized  electron  into  (from) 
the  highly  correlated  quantum  liquid  which  the 
2D  electron  system  is  in  the  extreme  quantum 
limit.  Since  at  short  distances  this  liquid  resem¬ 
bles  a  Wigner  crystal,  we  may  liken  the  tunneling 
process  to  the  creation  of  a  vacancy-interstitial 
pair.  Ignoring  excitonic  effects,  the  energy  re¬ 
quired  to  create  such  a  defect  will  be  of  order  of 
the  classical  Coulomb  energy  Ec  =  e2/e(a)  with 
the  mean  interparticle  spacing  {a)  =  2{irn)~l/2. 
The  inset  to  Fig.  1  contains  the  magnetic  field 
dependence  of  the  onset  (2AX)  and  peak  (2A2) 
voltages  for  the  intra-Landau  level  tunnel  cur¬ 
rent.  (The  onset  is  defined  as  that  voltage  where 
the  current  equals  1%  of  the  peak  value.)  As  the 
inset  shows,  Ec  (the  solid  horizontal  line)  is  about 
midway  between  2A1  and  2 A2.  The  weak  field 
dependence  of  these  parameters  is  expected  since 
the  electrons  are  not  point-like,  but  are  only 
localized  to  within  a  magnetic  length  /0  = 
(i h/eB)l/ 2  which  is  comparable  to  the  inter-par¬ 
ticle  spacing  at  these  filling  factors. 

The  existence  of  a  tunneling  gap  which  is 
relatively  insensitive  to  the  filling  factor  seems,  at 
first,  at  odds  with  the  conventional  picture  of  a 
2DES  in  the  extreme  quantum  limit  where  energy 
gaps  exist  only  at  certain  fractional  fillings.  At 
v  =  1/2  for  example,  no  FQHE  state  exists  in  a 
single  layer  system  [4]  and  yet  we  find  a  substan¬ 
tial  tunneling  gap.  The  resolution  of  this  appar¬ 
ent  paradox  lies  in  the  time  scale  for  tunneling. 
As  long  as  the  tunneling  occurs  faster  than  the 
liquid  state  can  respond,  through  the  emission  of 
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Fig.  2.  Analysis  of  I-V  data  in  gap  region,  (a)  Typical  log (/) 
vs.  l/V  plot.  Data  taken  at  B  =  13.5  T  and  T  —  0.6  K. 
Dashed  line  represents  fit  to  Eq.  (1).  (b)  Magnetic  field 
dependence  of  extracted  gap  parameter  A.  Solid  line  is 
0.9  e2/el0. 


collective  modes,  the  injected  “interstitial”  elec¬ 
tron  will  clearly  represent  an  excited  state  of  the 
system.  As  time  evolves  the  liquid  will  relax  this 
defect  and  the  ground  state  of  the  ( N  +  l)-particle 
system,  with  uniform  density,  will  be  established. 
Reasonable  estimates  of  the  relevant  time  scales 
support  this  scenario  [1]. 

Several  important  issues  have  been  ignored  in 
this  model,  e.g.  the  role  of  disorder,  inter- layer 
correlation  effects,  the  fractional  quantum  Hall 
effect,  etc.  While  considerably  more  experimental 
work  is  required  to  fully  explore  these  issues,  a 
more  detailed  analysis  of  the  existing  data  is 
clearly  desirable.  We  begin  by  analyzing  the  shape 
of  the  tunneling  gap.  Fig.  2a  displays  a  typical 
high  magnetic  field  I-V  characteristic  near  zero 
bias,  with  log(/)  plotted  against  l/V.  The  data 
are  well  represented,  for  over  two  decades  in 
current,  by  the  functional  form 

I  =  I0  zxp(-A/V).  (1) 

This  dependence  contrasts  markedly  with  the  al¬ 
gebraic  Coulomb  gaps  appropriate  to  strongly 
localized  2D  conductors  [5]  or  the  logarithmic 
suppressions  predicted  [6]  in  the  diffusive  regime. 
It  is  also  at  odds  with  the  conclusions  of  Ashoori 


et  al.  [7]  who  first  reported  an  apparent  magnetic 
field-induced  suppression  of  tunneling  into  a  sin¬ 
gle  2D  electron  gas.  While  no  I-V  characteristics 
were  obtained,  Ashoori  et  al.  inferred,  from  mea¬ 
surements  of  temperature  dependence  of  the  zero 
bias  tunneling  conductance,  a  partial  suppression 
of  the  tunneling  density  of  states  linear  in  energy 
about  the  Fermi  level.  Even  after  allowing  for  the 
necessary  convolution  of  the  spectral  functions 
for  each  layer,  our  data  are  inconsistent  with 
these  earlier  results  [7]. 

Recently,  He,  Platzman  and  Halperin  [8]  have 
theoretically  investigated  tunneling  between  two 
disorder-free  2D  electron  systems  in  a  high  mag¬ 
netic  field.  From  numerical  exact  diagonaliza- 
tions  of  finite  systems  they  find,  in  addition  to  a 
strong  suppression  of  the  tunneling  density  of 
states  around  the  Fermi  level,  a  peak  in  the 
intra-Landau  level  tunnel  current  near  V  ~ 
0.4e2/e/o.  As  the  inset  to  Fig.  1  shows,  this  is  in 
good  agreement  with  the  experiment.  Using  the 
recent  Chern-Simons  theory  of  Halperin,  Lee 
and  Read  [9]  for  the  half-filled  Landau  level,  He 
et  al.  [8]  also  present  analytical  results  suggesting 
that  Eq.  (1)  should  closely  approximate  the  I-V 
characteristic  in  the  gap.  While  our  data  are 
consistent  with  Eq.  (1),  the  value  of  A  we  extract, 
around  0.9e2/el0  as  shown  in  Fig.  2b,  is  some 
seven  times  smaller  than  the  value  of  2i re2/el0 
predicted  by  He  et  al.  Whether  this  quantitative 
disagreement  is  fundamental,  or  merely  the  result 
of  various  neglected  issues  (e.g.  finite  thickness 
corrections,  inter-layer  correlations,  disorder, 
etc.),  is  not  yet  known.  Nevertheless,  the  qualita¬ 
tive  agreement  between  theory  and  experiment 
supports  the  notion  that  the  observed  tunneling 
gap  is  an  intrinsic  feature  of  2D  electron  systems 
in  the  extreme  quantum  limit  [10]. 

The  weak  magnetic  field  dependence  of  the 
measured  tunneling  spectra  suggests  that  the 
fractional  quantum  Hall  effect  represents  a  rela¬ 
tively  subtle  effect  in  an  already  strongly  corre¬ 
lated  system.  Nevertheless,  the  FQHE  is  appar¬ 
ent  in  the  I-V  characteristics.  In  Fig.  2b,  where 
the  field  dependence  of  the  energy  parameter  A 
defined  in  Eq.  (1)  is  shown,  a  significant  upward 
bump  is  found  around  the  v  =  2/3  FQHE  B  =  9.9 
T.  (A  similar  feature  can  be  seen  in  the  onset 
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Fig.  3.  I-V  characteristics  between  B  =  8  T  and  10  T  in  steps 
of  0.25  T.  Curves  are  vertically  offset.  Solid  dots  placed  where 
current  is  a  maximum.  Note  weak  splitting  of  spectrum  around 
9  T.  This  is  consistent  with  v  =  2/3  in  one  of  the  layers. 


energy  2 Ax  displayed  in  Fig.  1.)  While  it  is  not  yet 
clear  to  us  how  to  interpret  this  bump,  it  seems 
reasonable  that  the  incompressibility  of  an  FQHE 
state  would  “harden”  the  tunneling  gap.  At  a 
more  subtle  level,  the  FQHE  at  ^  =  2/3  also 
appears  to  produce  structure  in  the  intra-Landau 
level  tunneling  peak.  Fig.  3  shows  a  blow-up  of 
the  I-V  data  from  B  =  8  to  10  T  with  a  barely 
resolved  splitting  of  the  peak  observed  around  9 
T.  The  solid  dots,  placed  at  the  maximum  cur¬ 
rent,  show  that  the  lineshape  appears  to  gradu¬ 
ally  shift  spectral  weight  from  the  high  energy 
component  of  the  “doublet”  to  the  low  energy 
one  as  the  field  is  increased  and  the  2/3-state  is 
traversed  [11].  This  splitting  is  reminiscent  of 
features  observed  in  recent  luminescence  studies 
of  the  FQHE  [12].  Given  these  observations,  it 
seems  likely  that  tunneling  will  provide  a  fruitful 
new  way  to  study  the  incompressible  quantum 
liquids  underlying  the  FQHE. 

So  far  we  have  concentrated  on  high  magnetic 
fields.  Nevertheless,  these  samples  reveal  interac¬ 
tion  effects  on  tunneling  at  fields  as  low  as  B  =  0.5 
T.  (At  this  field,  and  at  very  low  temperature,  a 
weak  dip  in  the  tunneling  conductance  at  zero 
bias  is  first  observable,  as  Fig.  4  demonstrates.) 
While  intermediate  magnetic  fields  have  not  yet 
been  thoroughly  studied,  qualitative  evidence 
suggesting  that  the  effects  of  electron-electron 
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Fig.  4.  Low  field  tunneling  conductance  curves  at  T  =  20  mK. 
Single  peak  at  B  =  0  is  split  into  a  Landau  fan  by  a  weak  field. 
By  B  =  0.5  T  a  small  suppression  of  the  tunneling  conduc¬ 
tance  appears  at  zero  bias.  The  solid  dots  are  placed  at 
voltages  corresponding  to  the  cyclotron  energy  ±  fuoc. 

interactions  on  tunneling  may  be  separable  into 
two  distinct  regimes  has  been  found.  Fig.  5  con¬ 
tains  a  plot  of  the  field  dependence  of  the  half¬ 
width  of  the  tunnel  resonance.  This  half-width  is 
simply  defined  (see  the  inset  to  Fig.  5)  as  the 
voltage  of  the  first  zero  crossing  of  dl/dV.  The 
data  shown  were  taken  at  high  temperature,  T  =  6 
K,  so  as  to  suppress  all  quantum  Hall  states 
within  the  field  range  and  thus  eliminate  techni¬ 
cal  difficulties  with  the  associated  extremely  small 
sheet  conductivities  [1].  As  Fig.  5  shows,  the 
half-width  gradually  rises  with  field  from  B  =  0  to 
~  4  T  where  it  abruptly  begins  to  increase  much 


Fig.  5.  Magnetic  field  dependence  of  half-width  of  tunnel 
resonance  measured  at  T  =  6  K.  Inset  defines  half-width. 
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more  rapidly.  By  about  B  =  6  T  this  steep  rise 
ends  and  a  gentle  increase  resumes.  We  have 
already  argued  [1]  that  in  the  high  field  case  the 
very  broad  tunneling  linewidths  reflect  the  strong 
Coulomb  interactions  in  the  2D  system  and  that 
disorder  plays  a  minor  role.  Below  B  ~  5  T  this  is 
not  obviously  the  case  and  it  is  plausible  that 
interactions  and  disorder  are  of  comparable  im¬ 
portance  to  the  tunneling  linewidth.  In  any  case, 
Fig.  5  clearly  suggests  a  distinction  can  be  made 
between  a  low  and  high  field  tunneling  regime.  It 
seems  reasonable  to  speculate  that  the  boundary 
between  these  regimes  depends  upon  the  relative 
importance  of  disorder  and  electron-electron  in¬ 
teractions.  We  note  in  passing  that  the  transition 
between  these  two  regimes  occurs  roughly  over 
the  filling  factor  interval  2  >  v  >  1 .  The  relevance 
of  this  correspondence  will  be  tested  in  future 
experiments  on  samples  with  different  densities. 

In  conclusion,  we  have  reviewed  our  recent 
tunneling  studies  of  high  mobility  double  layer 
2D  electron  systems.  The  central  result  is  the 
observation  of  a  deep  and  broad  gap  at  the  Fermi 
level  in  the  tunneling  density  of  states  at  high 
magnetic  fields.  A  simple  model  has  been  sug¬ 
gested  in  which  this  gap  is  an  intrinsic  feature  of 
the  strongly  correlated  2D  electron  systems  in  the 
extreme  quantum  limit  and  disorder  plays  at  most 
a  subsidiary  role.  The  detailed  shape  of  the  gap 
has  been  compared  with  the  predictions  of  a 
recent  theory  of  tunneling  in  clean  2D  systems  at 
half-filling  of  the  lowest  Landau  level  and  quali¬ 
tative  agreement  is  found.  The  fractional  quan¬ 
tum  Hall  effect  is  observable  in  the  tunneling 


characteristics  although  an  interpretation  of  the 
signature  is  lacking.  Finally,  we  have  presented 
data  suggesting  that  the  effects  of  interactions 
upon  the  tunneling  can  be  separated  into  two 
regimes  and  we  have  speculated  that  disorder 
plays  a  role  in  defining  this  division. 
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Abstract 

We  investigate  the  properties  of  the  one-electron  Green’s  function  in  an  interacting  two-dimensional  electron 
system  in  a  strong  magnetic  field,  which  describes  an  electron  tunneling  into  such  a  system.  From  finite-size 
diagonalization,  we  find  that  its  spectral  weight  is  suppressed  near  zero  energy,  reaches  a  maximum  at  an  energy  o 
about  0.2e2/elc,  and  decays  exponentially  at  higher  energies.  We  propose  a  theoretical  model  to  account  for  the 
low-energy  behavior.  For  the  case  of  Coulomb  interactions  between  the  electrons,  at  even-denominator  filling  factors 
such  as  v  =  1  /2,  we  predict  that  the  spectral  weight  varies  as  e  “’o/  |a|,  for  to  -»  0. 


In  a  recent  experiment  [1]  examining  the  bulk 
tunneling  of  a  bilayer  system  subjected  to  low 
temperatures  and  high  magnetic  fields,  the  exper¬ 
imental  I-V  characteristics  exhibited  a  strong 
suppression  of  the  tunneling  current  at  low  biases 
and  a  broad,  pronounced  peak  in  the  neighbor¬ 
hood  of  eFmax »  0.4e2/ elc,  where  e  is  the  dielec¬ 
tric  constant,  and  lc  is  the  magnetic  length. 

Here  we  present  a  summary  of  our  work  [2]  on 
the  theory  of  this  type  of  tunneling  experiment 
using  the  tunneling  Hamiltonian  approximation 
which  relates  the  tunneling  current  to  the  spec¬ 
tral  weight  A±M  of  the  one-electron  Green’s 
function  G  ±(oj)  in  the  individual  layers. 

We  have  presented  simple  arguments  for  the 
behaviors  of  A±(a).  At  low  energies,  we  have 
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argued  that  the  spectral  weight  is  strongly  sup¬ 
pressed  due  to  the  small  overlap  between  the 
initial  state  when  an  extra  electron  is  added  to  an 
N-electron  system  and  the  low-lying  states  in  the 
resultant  (N  +  l)-electron  system.  We  have  ar¬ 
gued  that  the  energies  a>±  around  which  A±(co) 
exhibit  a  maximum  can  be  estimated  to  be  the 
self-energies  of  one  extra  electron  or  hole  added 
to  the  system  in  the  lowest  Landau  level.  Accord¬ 
ing  to  our  estimation,  we  find  that  the  tunneling 
peak  energy  eVmax  ~  w  +  +  w_~  0.4e2/ elc,  the  co¬ 
efficient  being  roughly  independent  of  v  in  the 
range  of  0.2  <  v  <  0.8.  We  have  also  performed 
finite-size  diagonalization  for  systems  of  up  to  10 
electrons  to  study  the  behavior  of  A±M  at 
energies  comparable  to  eVmax.  Fig.  1  is  a  typical 
numerical  result  we  obtained,  where  we  show  the 
histograms  of  the  spectral  weight  A±(co)  for  a 
compressible  system  of  8  electrons  and  at  an 
N  =  17  close  to  v  —  1/2.  Our  numerical  calcula- 
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Fig.  1.  The  histograms  of  the  spectral  weight  AM  of  the 
one-electron  Green’s  function  at  a  compressible  state  ob¬ 
tained  for  an  8-electron  system  with  flux  number  =  17; 
log10^l(co)  is  shown  in  the  inset;  all  energies  are  measured 
from  the  chemical  potential. 

tions  suggest  that  eVmax  «  0.4  ~  0.6e2/elc  in  the 
filling  factor  range  1/3  <  v  <  2/3. 

In  order  to  understand  the  precise  form  of  the 
suppression  of  the  tunneling  current  at  small 
biases,  we  have  constructed  a  model  for  the  low- 
energy  behavior  of  A  ±(co)  by  coupling  the  added 
electron  to  the  density  fluctuations  in  the  rest  of 


the  system.  We  find,  for  a  disorder-free  system  at 
compressible  filling  factors  such  as  v  —  1/2,  with 
Coulomb  interaction,  that  the  spectral  weight 
A+(co)  *  e"071"1  as  o>  ->  0,  due  to  the  existence 
of  a  diffusive  mode  [4]  at  low  energies.  The 
tunneling  I-V  characteristics  are  determined  to 
be  I  ~  e~v°/v  with  V0  =  2ire2/elc  at  v  =  1/2. 
We  have  also  discussed  the  effects  of  inter-layer 
coupling  and  impurity  scattering  on  the  tunnel¬ 
ing.  Comparison  with  the  recent  experiment  [5]  is 
made. 

The  authors  are  grateful  for  helpful  conversa¬ 
tions  with  J.P.  Eisenstein,  R.  Ashoori,  P.A.  Lee, 
and  R.H.  Morf.  Work  at  Harvard  was  supported 
in  part  by  NSF  grant  DMR-91-15491. 
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Abstract 

Coulomb  coupling  between  spatially  separated  two-dimensional  electron  and  hole  gases,  when  an  electric  field  is 
applied  to  only  one  of  them,  is  studied  as  function  of  temperature  and  electron  (hole)  gas  density.  The  coupling  is 
described  in  the  random-phase  approximation  (RPA)  and  in  a  generalized  RPA  (GRPA)  which  takes  into  account 
exchange  processes  to  all  orders  of  the  Hartree-Fock  potential  within  the  Hubbard  approximation  [Phys.  Rev.  Ill 
(1958)  442;  Proc.  R.  Soc.  London  A  243  (1957)  336].  Due  to  the  exclusion  principle  at  low  densities,  electrons  (holes) 
of  the  same  spin  are  kept  so  far  apart  that  only  electrons  (holes)  of  different  spin  screen  each  other.  The  GRPA 
coupling  is  stronger  than  the  RPA  one  and  leads  to  a  larger  transimpedance  RT.  The  temperature  dependence  of 
Rt  agrees  very  well  with  that  measured  by  Sivan  et  al.  [1]  for  relatively  high  densities.  The  GRPA  result  for  square 
wells  is  still  below  the  experimental  value,  but  it  can  be  improved  with  a  self-consistent  calculation  of  the  envelope 
function  and  of  the  mean  separation  between  the  gases. 


1.  Introduction 

Coulomb  coupling  between  two  spatially  sepa¬ 
rated  electron  gases,  when  a  current  is  driven 
through  only  one  of  them,  has  been  predicted  [2] 
and  observed  [3,4]  to  influence  the  transport 
properties  of  the  gases.  Recently,  transport  mea¬ 
surements  have  been  reported  [1]  in  a  system 
composed  of  a  two-dimensional  (2D)  electron  gas 
and  a  2D  hole  gas.  The  gases  are  spatially  sepa- 

o 

rated  by  a  barrier  of  width  d  =  200  A.  The  bar¬ 


rier  is  high  and  thick  enough  to  prevent  tunneling 
and  recombination  but  thin  enough  to  allow  for 
sizable  Coulomb  interaction  between  carriers  in 
different  gases.  Current  is  allowed  to  flow  in  the 
electron  gas  and  a  drag  voltage  is  developed  and 
measured  in  the  hole  gas.  The  calculated  [1]  RPA 
results  for  the  temperature  and  density  depend¬ 
ence  of  the  coupling  were  a  factor  of  5  to  an 
order  of  magnitude  smaller  than  the  experimen¬ 
tal  results  for  temperatures  ( T )  between  9  and  50 
K.  A  similar  discrepancy  between  theory  and 
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experiment  [4]  in  an  electron-electron  system,  for 
T  <  7  K,  has  been  explained,  within  RPA,  by  a 
phonon-mediated  Coulomb  coupling  important 
only  at  these  very  low  temperatures  [5]  and  most 
pronounced  for  equal  electron  densities.  Thus, 
this  mechanism  cannot  explain  the  high-tempera¬ 
ture  [1]  results.  Another  mechanism  would  be 
electron-hole  binding  but  this  was  estimated  [1] 
to  be  very  weak.  Previously,  we  have  shown  [6] 
that  the  RPA  treatment  of  the  Coulomb  scatter¬ 
ing  [1,5]  overestimates  the  screening  and  renders 
the  coupling  stronger.  The  reported  [6]  GRPA 
transimpedance  RT,  though  in  good  agreement 
with  the  experiment,  is  still  smaller  than  the 
experimental  value  especially  for  low  densities. 
Here,  we  present  briefly  the  GRPA  results  and 
show  that  the  one-particle  square  well  function  of 
Ref.  [6],  should  be  replaced  by  a  more  realistic 
one  that  is  determined  self-consistently  by  density 
functional  theory  (DFT).  This  reduces  the  mean 
separation  between  the  two  gases  and  brings  RT 
closer  to  the  experimental  value. 


2.  Generalized  random  phase  approximation 


In  this  section  we  model  the  electron-hole 
system  with  two  infinitely  deep  quantum  wells,  of 
width  b,  with  their  centers  and  their  closest  edges 
separated  by  a  distance  a  and  d ,  respectively.  For 
the  densities  of  interest,  only  the  lowest  level  is 
occupied  in  either  well.  The  many-body  Hamilto¬ 
nian  pertinent  to  the  experiment  [1]  is  Hit)  = 
Hh(t)  +  He(t)  +Hhe(t).  He  is  the  Hamiltonian  of 
the  electrons  in  the  drive  well  and  contains  elec¬ 
tron-electron,  electron-impurity,  and  electron- 
phonon  interactions;  the  same  holds  for  the 
Hamiltonian  of  the  holes  in  the  drag  well  Hh  and 
Hhe  is  the  Coulomb  interaction  between  holes 
and  electrons  in  the  two  wells.  With  this  Hamilto¬ 
nian  we  obtain  [6]  the  coupled  momentum-bal¬ 
ance  equations: 


m*  9 je  , 

—  —  +eneE  =  F&h  +  Fe, 
e  9/ 

.  .  <  aJh  „„  ,  „„ 


dt 


(1) 

(2) 


Here,  VD  is  the  measured  drag  voltage  and  devel¬ 
ops  when  the  current  is  not  allowed  to  flow;  if  the 
current  flows,  VD  vanishes.  Further,  L  is  the 
length  of  the  specimen,  ne(nh)  the  2D  electron 
(hole)  density  of  the  drive  (drag)  well,  jh(je)  the 
2D  current  density,  ra£(ra*)  the  effective  mass, 
E  =  Ei  the  electric  field  applied  only  in  the  drive 
well,  and  Fe(Fh)  the  frictional  force  due  to  scat¬ 
tering  by  phonons  and  impurities. 

For  weak  electric  fields,  we  write  jeh  = 
±nehpev[ j’h  with  r|(p£)  the  drift  velocity  (  +  for 
electrons,  -  for  holes).  Then  the  forces  can  be 
linearized  over  the  drift  velocities  giving  Fhe  = 
&hem*(va~~v $),  where  flh&,  is  the  relaxation 
frequency  per  unit  area  due  to  the  Coulomb 
coupling.  In  the  steady  state  and  for  zero  drag 
current,  Eq.  (2)  gives  the  transimpedance  RT  = 
VD //c  -  mh{2he/e2nhne.  The  RPA  result  for  Hhe 
is  [6] 


/2he  - 


2 

a)  I 

e+Un;  w)f 


Im[n;(0)]  Im[77f))], 

(3) 

with  I7^’e(0)  iql{;  co)  the  equilibrium  hole  (elec¬ 
tron)  polarizability,  F(q^)  the  form  factor,  and 

w)  =  [l  -v(qf  0)F(«„)  o>)] 

X  [1 -!>(«„;  0 )F(qi])nf\q{,  co)} 

-\v(qf  a)F(q^) \2 (o) 

xfffH;  ®)  (4) 

the  retarded  (advanced)  dielectric  function  in 
RPA;  here  v(q^  a)  =  {2ire2 /q^)  txpi-q^a).  For 
temperatures  T>10  K,  Dhe  behaves  approxi¬ 
mately  linearly  with  T  as  shown  by  the  dashed 
curve  in  Fig.  2.  Figs.  1  and  2  show  that  there  is  a 
marked  difference  between  the  RPA  calculations 
and  the  experimental  results  similar  to  that  of 
Ref.  [1].  This  difference  tends  to  be  larger  at 
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rif,  —  5  X  101Dcm-2 


ne  (1011  cm-2) 

Fig.  1.  Transimpedance  RT  per  square  versus  electron  density 
ne  for  three  temperatures,  with  fixed  hole  density  «h  =  5X 
1010/cm2.  The  solid  and  dashed  curves  are  the  GRP  A  and 
RPA  results,  respectively. 


lower  densities  as  shown  in  Fig.  1.  This  is  because 
the  RPA  is  good  [7]  only  for  very  high  densities. 
An  extra  term  shown,  e.g.,  in  Fig.  lb  of  Ref.  [6], 


Fig.  2.  Transimpedance  RT  per  square  versus  temperature  T 
for  fixed  densities.  Curves  e-h:  ne  =  2x  10n/cm2,  nh  =  5x 
10lo/cm2.  Curves  e-e:  in  both  wells  ne  =  1.5  X  10u/cm2.  All 
curves  are  marked  as  in  Fig.  1. 


should  be  included  in  the  self-energy  that  takes 
into  account  the  exchange  process  of  holes  and 
electrons.  It  can  be  ignored  at  high  densities  but 
not  at  low  densities  as  shown  by  Abrikosov  et  al. 
[8].  Including  this  term  and  considering  only  scat¬ 
tering  near  the  Fermi  levels,  we  obtain  an  effec¬ 
tive  interaction  v  <d)  =  v(q;  (o), 

where  the  GRPA  dielectric  function  <o)  is 

given  by  Eq.  (4)  with  v(q^;  0)/?(<gfN)  replaced  by 
v^F(qf,  0)  and  v^iqf  ®  on  the  first  line,  and 
|  ...  |2  by  ^hF(<?h;  a^HF^u;  a)e~lqwa  with 


uHF('?||i  a )  — 


2ire" 


1  tfii 
f(«n)  "  4  ^h,e  + 


®ll 


XF(qll  +  k^’e)  e~k*'°a 


(5) 


The  second  term  on  the  right-hand  side  of  Eq.  (5) 
is  the  exchange  term  and  occurs  only  for  carriers 
of  parallel  [7]  spin.  As  a  result,  only  carriers  of 
antiparallel  spin  and  a  portion  of  them  with  par¬ 
allel  spin  will  participate,  statistically  speaking,  in 
the  screening  for  q^^kF,  i.e.,  for  low  densities, 
as  carriers  of  the  same  spin  are  kept  apart  by  the 
Pauli  exclusion  principle.  For  very  low  densities, 
carriers  of  the  same  spin  can  be  so  far  apart  that 
they  have  almost  no  effect  on  the  screening  at  all. 
If  the  carriers  in  both  wells  are  of  the  same  type, 
-1/4  in  the  exchange  becomes  [7]  -1/2  be¬ 
cause  there  is  no  exchange  between  an  electron 
and  a  hole.  Thus  S2he  takes  the  form  of  Eq.  (3) 
with  e  ±( . . . )  replaced  by  e^( . . . ). 

The  calculated  RT  is  shown  in  Figs.  1  and  2  by 
the  solid  (GRPA)  and  dashed  (RPA)  curves.  In 
Fig.  1  RT  is  shown  as  function  of  ne  for  fixed  nh . 
The  solid  symbols  are  the  experimental  results  of 
Ref.  [1].  We  have  used  =  6.7m*  and  the 
parameters  of  the  experiment.  Noticing  the  loga¬ 
rithmic  scale,  it  is  seen  that  the  density  depend¬ 
ence  of  Rr ,  in  the  GRPA,  is  better  than  the  RPA 
result  especially  at  high  densities.  In  Fig.  2  RT  is 
plotted  versus  temperature  for  an  electron-hole 
(e-h)  system.  The  agreement  between  the  GRPA 
and  the  experimental  result  is  very  good;  this  is 
mainly  due  to  the  rather  high  gas  densities  in¬ 
volved.  For  contrast,  we  also  show  RT  for  the 
same  structure  with  electrons  in  both  wells  (e-e). 


H.C.  Tso  et  al.  /  Surface  Science  305  (1994)  400-404 


403 


For  all  densities,  the  GRPA  result  is  below  the 
experimental  one.  This  is  because  the  square  well 
function  that  we  used  is  not  very  realistic;  see 
below. 


3.  Density  functional  theory 


To  obtain  the  true  envelope  functions,  we 
model  the  system  with  two  triangular  wells  and 
barriers  high  enough  to  make  the  electron  and 
hole  wave  functions  vanish  at  the  distant  side  of 
the  barrier  and  thus  avoid  tunnelling.  The  elec¬ 
tron  energy  density  functional  for  the  three-di¬ 
mensional  (3D)  densities  ne,  nh  is  given  by  [9] 


Ee[ne]  =  Cin2/3  + 


C2 


C3nV3 


2  f  J  [ne(r2)  -2nh(r2)] 
+ e  /  dr2  ,  , 

J  2\r  —  r2\ 


+  ve 


(6) 

where  Cx  =  3(3tt2)2/3/10,  C2  =  1/8,  C3  = 
3(3772)1/3/47t,  and  vext  is  the  external  (triangu¬ 
lar)  potential.  The  first  two  terms  are  the 
Thomas-Fermi  and  von  Weizsacker  terms;  the 
third  and  fourth  terms  are  the  exchange  and 
Hartree  interactions,  respectively.  Eh[nh\  is  given 
by  Eq.  (6)  with  ne  interchanged  with  nh.  Mini¬ 
mizing  /  dr  np(r)Ep[np(r)],  p  =  e  or  h,  and  as¬ 
suming  the  n&  depends  weakly  on  «h  and  vice 
versa,  we  obtain  the  coupled  equations 


-2C2 


2 


+  (IC1n2p/3  +  4>^  +  vext)np  =  tipnp,  (7) 

where  =  /  dr2[rte(r2)  ~  n\^r2^/\r  ~  r2 1 

and  fi p  is  the  chemical  potential.  The  layer  sepa¬ 
ration,  ac ,  obtained  by  capacitance  measure¬ 
ment,  is  related  to  the  density  ne  by  ac  =  d  + 
2/  d rne(r)z/f  d r  n&(r)  for  ne  =  nh.  Eq.  (7)  is 
solved  numerically  with  barrier  height  0.3  eV  and 
the  confining  electric  field  adjusted  to  give  ac-  d 
=  50  A.  The  normalized  DFT  electron  density, 
which  is  symmetric  to  the  hole  one  with  respect 
to  the  barrier  center  for  ne  =  nh,  and  its  counter¬ 


*(A) 

Fig.  3.  Normalized  3D  electron  density  nc/n^P  versus  posi¬ 
tion  along  the  z  axis;  the  barrier  is  between  -  200  and  0  A. 


part  for  square  wells  are  plotted  in  Fig.  3.  It  is 
seen  that  the  layer  separation  for  the  more  realis¬ 
tic  triangular  wells  (solid  curve)  is  240  A  [6]  and 
250  A  for  square  wells  (dashed  curve)  used  in 
Ref.  [6].  This  renders  the  mean  separation  a 
smaller,  cf.  Eq.  (5),  and  the  coupling  stronger. 
Full  calculations  for  RT  are  in  progress. 


4.  Summary 

We  have  shown  that  the  reported  [1]  devia¬ 
tions  of  the  density  and  temperature  depend¬ 
ences  of  the  Coulomb  coupling  between  an  elec¬ 
tron  gas  and  a  hole  gas,  spatially  separated  from 
each  other,  from  the  RPA  results  are  mostly  due 
to  an  overestimation  of  the  screening  when 
treated  within  RPA.  Most  of  the  results,  espe¬ 
cially  the  temperature  dependence,  can  be  ex¬ 
plained  by  employing  a  GRPA  which  takes  into 
account  exchange  processes,  absent  from  RPA,  to 
all  orders  of  the  Hartree-Fock  potential  within 
the  Hubbard  approximation.  The  remaining  dis¬ 
crepancy  between  experiment  and  the  GRPA  re¬ 
sults  can  partially  be  accounted  for  by  a  self-con¬ 
sistent  calculation  of  the  envelope  function  and 
of  the  mean  separation  between  the  gases. 
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Abstract 

We  report  the  first  observation  of  an  abrupt  double-to-single-layer  transition  in  a  GaAs/AlAs  double-quantum- 
well  (DQW)  structure.  The  transition  is  observed  as  a  sharp  decrease  in  the  4-terminal  resistance  measured  as  a 
function  of  the  bias  applied  to  the  front  gate  of  the  device.  Data  on  the  Shubnikov-de  Haas  oscillations  taken  at 
different  gate  voltages  reveal  that  this  abrupt  change  in  resistance  is  associated  with  the  transition  from  a  double-  to 
a  single-layer  two-dimensional  electron  system  in  the  DQW. 


Recently,  transport  measurements  in  DQW 
(double-quantum-well)  systems  have  been  of  wide 
interest  [1-4].  The  small  interlayer  spacing  com¬ 
parable  to  the  intralayer  mean  electron  distance 
suggests  the  important  roles  of  interlayer  physics 
such  as  tunneling,  interlayer  Coulomb  interac¬ 
tion,  and  exchange  effects.  Even  at  zero  magnetic 
field,  the  transport  coefficient  shows  structure 
arising  from  the  inter-well  tunneling  as  a  function 
of  the  gate  voltage  [5].  The  Coulomb  interaction 
between  two  parallel  two-dimensional  electron 
gases  (2DEGs)  were  experimentally  studied  and 
the  scattering  rate  was  obtained  [6].  Theoreti¬ 
cally,  it  has  been  pointed  out  that  the  exchange 
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effect  can  lead  to  an  instability  in  a  low-density 
symmetric  DQW  [7]. 

Here,  we  report  the  first  observation  of  an 
abrupt  double-to-single-layer  transition  in  a 
GaAs/AlAs  DQW  structure,  in  which  we  believe 
the  interlayer  Coulomb  interaction  [6]  and  ex¬ 
change  effect  [7]  are  playing  the  dominant  role. 
The  transition  was  observed  as  a  sharp  decrease 
in  the  4-terminal  resistance  as  a  function  of  the 
top  gate  voltage,  Vg ,  accompanied  by  the  change 
in  Shubnikov-de  Haas  (SdH)  oscillation  patterns 
from  double-layer-like  to  single-layer-like. 

Our  device  structure  has  a  70  A  AlAs  barrier 
sandwiched  between  two  150  A  GaAs  wells,  with 
n  ~  1.4  X  10n/cm2  and  /x  ~  3.7  X  105  cm2/V  •  s 
in  each  well  when  density  is  balanced  at  Vg  = 
+  0.25  V.  We  fabricated  an  H-shaped  mesa  which 
has  4  leads.  The  active  region  was  completely 
covered  by  an  A1  Schottky  gate.  Resistance  was 
measured  in  the  4-terminal  configuration  as  a 
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function  of  Vg  using  the  standard  Lock-in  detec¬ 
tion  technique.  A  constant  current  excitation  of 
10  nA  at  13  Hz  was  used  throughout  the  mea¬ 
surement.  The  experiment  was  conducted  using  a 
He3  cryostat  whose  base  temperature  was  0.3  K. 

Fig.  1  shows  the  resistance  versus  Vg.  At  T=  0.3 
K,  the  transition  is  seen  as  a  sharp  decrease  in 
resistance  by  more  than  50%  at  Vg  ~  —  0.46  V. 
The  characteristic  energy  scale  of  the  transition  is 
a  few  meV  (see  T  =  15  and  77  K  traces  in  Fig.  1). 
Data  on  the  SdH  oscillations  taken  at  different 
gate  voltages  above  and  below  the  transition  are 
shown  in  Fig.  2.  The  appearance  of  single¬ 
frequency  oscillations  for  Vg  <  —  0.46  V  and  oscil¬ 
lations  showing  beating  for  Vg  >  -  0.46  V  is  evi¬ 
dence  that  this  abrupt  change  in  resistance  is 
indeed  associated  with  the  transition  from  a  dou¬ 
ble-  to  a  single-layer  two-dimensional  electron 
system  in  the  DQW.  The  beating  structure  at 
Vg  =  -0.44  V,  where  the  densities  of  the  two 
wells  are  expected  to  be  far  off  balanced,  may 
have  a  similar  origin  to  the  one  observed  in  the  2 
subband  systems  [8,9]. 

The  sharp  resistance  drop  at  T  =  0.3  K  is  sur¬ 
prising.  It  cannot  be  explained  by  a  simple  paral¬ 
lel  resistor  model  which  treats  two  layers  inde¬ 
pendently  or  other  lumped  circuit  modeling  of 
the  DQW  [10].  They  only  result  in  a  monotonic 
change  of  resistance  as  a  function  of  Vg  like  the 
T-77  K  trace  in  Fig.  1.  Therefore,  some  inter- 


Fig.  1.  4-terminal  resistances  at  B  -  0  for  three  different 
temperatures.  Arrows  indicate  the  positions  of  the  gate  volt¬ 
ages  at  which  SdH  oscillations  are  measured  and  shown  in 
Fig.  2. 


Fig.  2.  SdH  oscillations  demonstrating  an  abrupt  electronic 
transition  from  a  double-  to  a  single-layer  system.  Beatings 
indicative  of  a  system  of  two  2DEGs  with  different  densities 
are  apparent. 

layer  physics  must  be  playing  a  role.  Tunneling, 
which  was  the  reason  for  the  resistance  peak 
observed  in  Ref.  [5],  is  not  relevant,  since  the 
transition  in  our  case,  at  Vg  ~  —  0.46  V,  is  far 
away  from  the  Vg  =  +  0.25  V,  where  the  densities 
in  the  two  wells  are  balanced.  In  the  following, 
we  give  an  explanation  for  our  experimental  find¬ 
ings  based  on  interlayer  Coulomb  drag  [6]  and 
the  exchange  effect  [7]  in  DQW  systems. 

The  decrease  in  resistance  is  explained  by  the 
disappearance  of  the  interlayer  Coulomb  drag  [6] 
due  to  transfer  of  electrons  out  of  the  top  well. 
The  electrons  in  the  top  well  are  an  order  of 
magnitude  closer  in  distance  to  the  bottom  elec¬ 
tron  layer  than  the  remote  donors  (900  A  away), 
but  an  order  of  magnitude  less  in  density  just 
before  the  transition  (at  Vg  =  -  0.44  V,  the  den¬ 
sity  of  the  top  layer  n1  is  estimated  to  be  14%  of 
the  density  of  the  bottom  layer  n2 ).  Therefore, 
the  scattering  rate  of  the  bottom-layer  electrons 
due  to  the  electrons  in  the  top  layer  is  compara¬ 
ble  to  that  due  to  the  remote  donors,  if  we 
assume  a  similar  scattering  mechanism  for  both 
the  electrons  in  the  top  well  and  the  remote 
donors  above  the  well.  The  amount  of  the  resis¬ 
tance  drop  in  our  data  is  consistent  with  this 
estimation. 

The  sudden  depletion  of  the  top  well,  which 
causes  the  sharp  resistance  drop,  is  considered  to 
be  a  result  of  the  exchange-driven  instability  pre- 
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dieted  by  Ruden  and  Wu  [7].  In  our  case,  where 
the  wells  are  asymmetric,  the  total  relevant  en¬ 
ergy  of  the  system  £total  can  be  written  as 

£,o,ai  =  hD-l[(n  1  -  A nf  +  (. n2  +  An)2] 

lire2 

-  «i)An  H - dLn2 

Ko 

4e2  (  2  \  l/2 

3k0\tt) 

X  [(rtj  —  A n)3/2  +  ( n2  4-  An)3/2] , 

where  D  is  the  two-dimensional  density  of  states, 
Kq  is  the  dielectric  constant  of  the  medium  be¬ 
tween  the  two  2DEGs,  d  is  the  distance  between 
the  2DEGs,  Arc  is  the  density  of  the  transferred 
electrons,  and  nu  n2  are  the  densities  of  the 
individual  wells.  The  second  term  is  due  to  the 
subband-edge  energy  difference  between  the  two 
wells.  Fig.  3  gives  the  calculated  £tota,  normalized 


Transfer  ratio  An/r^ 

Fig.  3.  The  calculated  total  energy  of  the  two  2DEGs  as  a 
function  of  the  fractional  density  A n  /nl  of  electrons  trans¬ 
ferred  from  the  top  well  to  the  bottom  well  for  three  different 
ratios  of  n x  to  ra2*  We  fix  n2  =  1.4 X  10n/cm2. 


by  D~ln\  as  a  function  of  the  transferred  elec¬ 
tron  ratio  A  n/n1  for  three  different  ratios  of  nx 
to  n2.  We  take  n2  =  1.4  X  10n/cm2,  d  =  220  A, 
and  k0  =  12.  This  calculation  demonstrates  that 
as  nx  decreases,  a  larger  fraction  of  electrons  in 
the  top  well  is  transferred  to  the  bottom  well  due 
to  the  exchange  interaction,  consistent  with  our 
experimental  findings. 

In  conclusion,  we  report  the  first  observation 
of  an  abrupt  double-to-single-layer  transition  in  a 
DQW  structure,  which  is  seen  as  a  sharp  de¬ 
crease  in  the  4-terminal  resistance  as  a  function 
of  the  gate  voltage. 
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Abstract 

We  study  magnetotransport  in  lateral  two-dimensional  superlattices  with  periods  on  the  order  of  100  nm. 
Pronounced  low-field  transport  anomalies  reflect  the  interplay  of  two  characteristic  lengths  of  the  system,  the 
cyclotron  radius  Rc  and  the  period  a.  Measurements  at  very  low  temperatures  reveal  quantum  oscillations,  periodic 
in  the  magnetic  field  B ,  which  are  superimposed  upon  the  commensurability  anomalies  in  the  magnetoresistance 
p  We  show  that  the  latter  effect  can  be  interpreted  in  terms  of  quantized  periodic  orbits  which  takes  into  account 
the  chaotic  nature  of  the  classical  phase  space. 


1.  Introduction 

Todays  semiconductor  technology  provides  a 
means  to  confine  electrons  in  “boxes”  with 
nanometer  dimensions  in  all  three  spatial  direc¬ 
tions.  Electron  transport  through  these  “artificial 
atoms”  where  the  nuclear  charge  is  replaced  by 
the  confining  potential  displays  unique  behavior 
and  is  used  to  probe  the  “atomic  levels”  of  such  a 
quantum  dot  structure  [1].  In  analogy,  the  cou¬ 
pling  of  quantum  dots  into  a  planar  artificial 
lattice  opens  up  the  possibility  to  study  the  physi¬ 
cal  properties  of  artificial  crystals.  Just  as  individ¬ 
ual  quantum  dots  are  characterized  by  energy 
levels  analogous  to  atomic  levels,  artificial  crystals 
possess  a  band  structure,  where  the  properties  of 
the  constituent  “atoms”  are  controlled  by  the 
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superimposed  periodic  (confining)  potential.  Two 
examples  of  possible  periodic  potential  shapes, 
both  of  them  experimentally  realized,  are 
sketched  in  Fig.  1.  For  a  weak  periodic  potential 
the  electron  energy  (Fermi  energy)  is  well  above 
the  potential  modulation  (Fig.  la),  whereas  for  a 
strong  potential  the  Fermi  energy  intersects  the 
repulsive  potential  peaks  (Fig.  lb).  Due  to  the 
characteristic  shape  of  the  latter  type  of  poten¬ 
tial,  complementary  to  the  one  used  to  confine 
electrons  in  a  quantum  dot,  we  call  it  antidot 
potential  [2-4].  Such  artificial  crystals  allows  one 
to  search  for  qualitatively  new  phenomena  not 
accessible  in  natural  crystals.  One  prominent  ex¬ 
ample  in  this  context  is  the  fractal  energy  spec¬ 
trum  of  Bloch  electrons  in  a  magnetic  field  [5-7]. 

Recently,  it  has  been  observed  that  the  magne¬ 
toresistance  pxx  displays  IB-periodic  low  field 
oscillations  when  a  high-mobility  2DEG  is  sub¬ 
jected  to  a  weak  periodic  potential  [8-11].  A 
weak  (sinusoidal)  periodic  potential  transforms 
the  discrete  Landau  levels  into  Landau  bands 
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Fig.  1.  (a)  Weak  and  (b)  strong  modulation  of  the  conduction  band  edge  in  the  x-y  plane  of  the  two-dimensional  electron  gas.  The 
position  of  the  Fermi  energy  is  depicted  by  the  dotted  planes. 


[12,13].  The  resulting  band  structure  can  be  calcu¬ 
lated  perturbatively  for  both  one-  and  two-dimen¬ 
sional  periodic  potentials  (see  Ref.  [7]  and  refer¬ 
ences  therein).  The  oscillating  bandwidth  with 


minima  at  2^C  =  (A  -  1/4 )a  is  the  origin  of  the 
observed  oscillatory  behavior  of  pxx  (and  pyy). 
Here,  Rc  is  the  classical  cyclotron  radius  at  the 
Fermi  energy  eF,  and  A  is  an  integer  oscillation 


a)  b) 


AIGaAs  GaAs  2DEG 


Fig.  2.  Fabrication  (schematically)  of  an  antidot  array  by  e-beam  lithography  (a)  and  subsequent  etching  of  the  holes  through  the 
2DEG  (b).  An  electron  micrograph  of  a  300  nm  square  antidot  lattice  tilted  by  45°  is  shown  in  (c),  a  200  nm  lattice  in  (d). 
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index.  The  picture  of  Landau  band  formation 
breaks  down  in  an  antidot  lattice:  the  strong 
potential  mixes  Landau  levels  with  different 
quantum  numbers  n ,  and  a  complicated  band 
structure  emerges. 

Here  we  summarize  our  experimental  results 
on  magnetotransport  in  antidot  arrays  and  sketch 
our  current  understanding  of  the  phenomena  ob¬ 
served.  For  a  more  complete  collection  of  impor¬ 
tant  related  work,  we  refer  to  recent  review  arti¬ 
cles  [14-16].  Before  going  on  to  the  experimental 
results,  it  is  useful  to  specify  some  characteristic 
quantities  of  the  system.  Distinct  transport 
anomalies  stem  from  the  commensurability  be¬ 
tween  the  cyclotron  radius  Rc  and  the  period  a. 
In  a  2DEG  the  cyclotron  radius,  Rc  = 
h]j27rns  / eB ,  is  directly  connected  to  the  carrier 
density  ns  and  the  magnetic  field  B.  In  order  to 
observe  these  effects  it  is  necessary  that  the  elec¬ 
tron  mean  free  path,  /e  =  vFr,  dependent  on  the 
Fermi  velocity  v¥  and  the  Drude  relaxation  time 
r,  is  much  longer  than  the  period  a.  The  Fermi 
wavelength  AF  =  ]j2'Tr/ns ,  which  is  a  measure  of 
the  extent  of  the  wavefunction  at  zero  field,  how¬ 
ever,  is  still  smaller  than  the  period  a  which  is 
typically  between  200  and  400  nm.  Hence,  elec¬ 
tron  transport  can  be  treated  in  a  semi-classical 
picture  where  the  electrons  bounce  like  balls 
ballistically  through  the  antidot  lattice  (for  re¬ 
lated  phenomena  see  also  Ref.  [15]).  Classically, 
the  motion  of  a  particle  in  an  antidot  type  of 
potential  is  known  to  be  chaotic  [17].  We  show 
below  that  this  classical  electron  dynamics  leaves 
distinct  marks  in  the  experiments.  In  terms  of  an 
artificial  band  structure  we  face  a  situation  where 
many  bands  are  occupied;  their  number  increases 
quadratically  with  the  period  ~  a2nj 2.  For  anti¬ 
dot  periods  larger  than  the  Fermi  wavelength  AF 
the  electrons  in  such  artificial  crystals  obey  semi- 
classical  rules. 


2.  Fabrication  of  antidot  arrays 

The  starting  point  for  the  fabrication  of  lateral 
surface  superlattices  is  a  high-mobility  two-di¬ 
mensional  electron  gas  (2DEG)  formed  at  the 
interface  of  GaAs/AlGaAs  heterojunctions.  The 


high  mobility  is  an  essential  ingredient  which 
assures  that  the  electron  mean  free  path,  /e,  is 
much  longer  than  the  period  a  of  the  superim¬ 
posed  periodic  potential.  Typical  mean  free  paths 
range  from  5  to  10  \x m  before  patterning.  The 
nanofabrication  process  is  sketched  in  Fig.  2.  The 
periodic  array  of  antidots  is  written  into  the 
PMMA-resist  layer  by  using  a  highly  focused 
electron  beam  (Fig.  2a).  Besides  a  square  ar¬ 
rangement  of  antidots  with  periods  from  a  =  200 
nm  to  a  =  400  nm,  we  have  also  fabricated  trian¬ 
gular  and  rectangular  arrays.  After  development, 
the  holes  in  the  PMMA  are  transferred  into  the 
heterojunction  by  reactive  ion  etching  techniques 
[18].  After  etching  through  the  electron  gas  we 
expect  an  effective  potential  for  the  electrons 
similar  to  the  one  sketched  in  Fig.  lb;  the  con¬ 
duction  band  is  bent  up  at  the  antidot  positions 
(due  to  charged  surface  states)  and  defines  for¬ 
bidden  regions  for  the  electrons.  The  effective 
antidot  diameter  d  consists  of  the  lithographic 
diameter  plus  a  surrounding  depletion  region 
which  can  be  reduced  by  brief  illumination  [19]. 
The  antidot  array  is  part  of  a  conventional  Hall 
bar  geometry  sketched  in  the  top  inset  of  Fig.  3b. 


3.  Magnetotransport  experiments 

In  Fig.  3  we  compare  the  magnetoresistance 
pxx  and  the  Hall  resistance  pxy  of  patterned  and 
unpatterned  areas  of  the  device.  Pronounced 
low-field  anomalies  dominate  the  pxx  and  pxy 
trace  of  the  antidot  array  in  a  regime  where  the 
transport  coefficients  are  usually  described  by  the 
Drude  expressions  pxx  =  m* /e2nsr,  and  pxy  = 
B/ens  with  the  electron  effective  mass  ra*.  A 
double  peak  structure  in  pxx  for  B  values  where 
Rc  «  0.5a  and  Rc  ~  1.5a  holds  documents  strik¬ 
ing  deviations  from  the  simple  Drude  results.  The 
pxx  peaks  are  accompanied  by  (nonquantized) 
steps  in  the  Hall  resistance  displayed  in  Fig.  3b. 
At  higher  B  values  where  the  cyclotron  diameter 
becomes  smaller  than  the  period  a,  pxx  drops 
quickly,  Shubnikov-de  Haas  (SdH)  oscillations 
commence,  and  pxy  begins  to  display  quantized 
Hall  plateaus.  In  this  high  field  regime  the  traces 
of  patterned  and  unpatterned  segments  become 
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essentially  identical  indicating  that  the  intrinsic 
high  mobility  is  preserved  between  the  antidots. 
At  zero  field,  however,  the  mobility  is  limited  by 
scattering  off  the  antidots  and  the  corresponding 
mean  free  path  becomes  comparable  to  the  anti¬ 
dot  spacing  a .  A  remarkable  anomaly  in  the 
p^-trace  is  the  quenching  of  the  Hall  resistance 
close  to  B  =  0;  the  magnified  quench  is  displayed 
in  the  inset  of  Fig.  3b.  We  address  this  effect  in 
more  detail  below. 

The  number  of  peaks  and  steps  resolved  in  the 
low  B  regime  critically  depends  on  the  effective 
diameter  d  and  the  period  a  of  the  antidots.  The 
zero-field  resistance  is  directly  controlled  by  the 
normalized  cross  section  d/a  and  the  carrier 
density  ns.  In  Fig.  4  we  compare  the  magnetore- 


Fig.  3.  (a)  Magnetoresistance  and  (b)  Hall  resistance  in  pat¬ 
terned  (solid  line)  and  unpatterned  (dashed  line)  sample 
segments  at  1.5  K  after  brief  illumination.  In  the  patterned 
segment,  ns  (determined  from  the  periodicity  of  the  Shub- 
nikov-de  Haas  oscillations  at  higher  B )  is  slightly  higher  after 
illumination  («s  =  2.4xlOn  cm-2).  The  arrows  mark  mag¬ 
netic  field  positions  where  Rc/a~  0.5  and  1.5.  Top  inset  of 
(b):  Sketch  of  the  sample  geometry.  Bottom  inset:  Magnifica¬ 
tion  of  the  quench  in  pxy  about  B  -  0.  From  Ref.  [4]. 


Fig.  4.  Low-5  anomalies  from  three  different  samples.  For 
smaller  d / a  more  structure  in  pxx  evolves.  All  peaks  in  trace 
3  can  be  ascribed  to  commensurate  orbits  around  1,  2,  4,  9 
and  21  antidots,  as  is  sketched  in  the  inset.  Corresponding 
Rc/a  values,  marked  by  arrows,  are  0.5,  0.8,  1.14,  1.7  and 
2.53,  respectively.  The  dashed  arrow  for  trace  2  marks  the 
position  of  an  unperturbed  cyclotron  orbit  around  four  anti¬ 
dots  ( Rc /a  =  1.14).  The  shift  of  the  corresponding  resistance 
peak  towards  lower  B  indicates  the  deformation  of  the  cy¬ 
clotron  orbit  in  a  “soft”  potential  [17].  From  Ref.  [4], 


sistance  curves  of  three  samples  with  periods 
a  =  200  nm  (top  trace)  and  a  =  300  nm  (bottom 
traces).  In  curves  with  smaller  zero-field  resis¬ 
tance  a  progressively  greater  number  of  peaks 
becomes  resolved.  Sample  3  exhibits  the  largest 
sequence  of  new  pxx  peaks  and  pxy  plateaus.  At 
each  peak,  Rc  can  be  associated  with  a  commen¬ 
surate  (circular)  orbit  encircling  a  specific  num¬ 
ber  of  antidots  sketched  in  the  inset  of  Fig.  4. 
Although  the  low-field  maxima  in  trace  3  are  well 
described  by  unperturbed  circular  cyclotron  or¬ 
bits,  the  simple  orbit  analysis  fails  to  explain  the 
prominent  low  B  peak  in  curve  2:  the  Rc/a  value 
of  ~  1.5  deduced  from  the  peak  position  at 
~  0.18  T  is  not  commensurate  with  the  lattice. 
Model  calculations  show  that  this  distinct  peak 
stems  from  electrons  on  chaotic  trajectories 
trapped  on  paths  around  four  antidots  [17].  Com¬ 
pared  to  the  free  electron  case  our  the  “orbit- 
around-four-antidots-peak”  is  shifted  towards 
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lower  B  and  provides  a  first  experimental  signa¬ 
ture  of  chaotic  electron  dynamics. 

The  sequence  of  peaks  observed  in  experiment 
reflects  the  geometry  of  the  antidot  lattice.  In 
Fig.  5  we  display  pxx  data  taken  from  a  rectangu¬ 
lar  and  hexagonal  antidot  lattice;  a  characteristic 
sequence  of  peaks  reflects  the  particular  “crystal¬ 
lographic”  arrangement  of  the  antidots.  In  a  rect¬ 
angular  lattice  the  magnetoresistance  strongly  de¬ 
pends  on  the  direction  of  current  flow  as  can  be 
seen  from  the  data  in  Fig.  5a.  The  peak  corre¬ 
sponding  to  an  orbit  around  one  antidot  can  only 
be  probed  if  the  current  flows  along  the  larger 


B(T) 

Fig.  5.  (a)  Magnetoresistance  in  a  rectangular  ( ax  =  790  nm, 
ay  =  410  nm)  and  (b)  hexagonal  (a  =  410  nm)  antidot  array.  In 

(a)  “L”  and  “S”  indicate  the  direction  of  current  flow  with 
respect  to  the  long  and  the  small  period  of  the  lattice  as  is 
sketched  in  the  inset.  5-positions  corresponding  to  free  cy¬ 
clotron  orbits  around  1,  2,  3  and  6  antidots  for  Rc/a  =  0.5,  1, 
1.5  and  1.83,  respectively,  are  marked.  In  the  hexagonal  lattice 

(b)  arrows  mark  orbits  around  1,  3  and  7  antidots  at  Rc/a 
values  0.5,  0.87  and  1.37. 


Fig.  6.  Quenching  of  pxy  around  B  =  0  for  three  samples  with 
different  periods  a.  For  the  sample  with  the  smallest  period 
a  -  200  nm  we  find  the  quench  over  a  5-range  of  nearly  1  T. 
High  field  p^-data  (in  units  of  h/e 2)  of  sample  1  up  to  7  T 
are  displayed  in  the  inset.  Sample  2  exhibits  a  negative  slope 
of  pxy  around  5=0  indicating  electron  motion  opposite  to 
the  Lorentz  force. 


lattice  constant.  The  transport  anomalies  in  such 
rectangular  antidot  lattices  have  been  studied  by 
Schuster  et  al.  [20].  The  magnetoresistance  in  a 
hexagonal  lattice,  displayed  in  Fig.  5b,  shows 
peaks  when  the  cyclotron  orbit  fits  around  1,  3, 
and  7  antidots  (see  also  Refs.  [21,22]),  hence 
reflecting  the  most  stable  commensurate  orbits  in 
this  geometrical  arrangement. 

The  quenching  of  the  Hall  resistance  in  anti¬ 
dot  lattices  came  as  a  surprise.  While  such 
quenching  has  been  observed  in  small,  meso¬ 
scopic  junctions  where  the  electron  motion  be¬ 
tween  the  sample  boundaries  can  take  place  bal- 
listically  [23],  the  antidot  array  itself  is  macro¬ 
scopic;  its  dimensions  are  large  compared  to  /e. 
In  Fig.  6  we  display  the  data  of  three  antidot 
samples  with  different  periods  (but  with  compa¬ 
rable  antidot  diameter):  the  magnetic  field  range 
over  which  the  Hall  resistance  is  quenched  de¬ 
creases  with  increasing  lattice  constant.  For  a  = 
400  nm  the  pxy  trace  around  B  =  0  becomes  very 
close  to  the  result  expected  from  the  Drude  for¬ 
mulas.  The  quenching  of  the  Hall  resistance  is 
just  another  example  which  underlines  the  impor¬ 
tance  of  the  classical  chaotic  electron  dynamics 
discussed  in  the  next  section. 
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4.  Pinball  model  and  chaotic  electron  dynamics 

The  fact  that  some  of  the  peak  positions  in  pxx 
can  be  associated  with  circular  commensurate 
orbits  has  stimulated  an  explanation  based  on  a 
modified  Drude  picture,  denoted  as  the  pinball 
model  [4].  Such  a  semi-classical  description  is 
supported  by  the  experimental  fact  that  the  trans¬ 
port  anomalies  reported  so  far  continue  to  be 
manifested  up  to  high  temperatures  7-50  K. 
The  basic  assumption  of  the  model  is  that  elec¬ 
trons  on  commensurate  orbits  do  not  contribute 
to  transport  since  they  are  trapped  for  a  long 
time  in  the  vicinity  of  an  antidot.  For  such  im¬ 
paled  orbits  the  repulsive  potential  at  each  anti¬ 
dot  provides  a  local  restoring  force  against  drift 
induced  by  electric  fields.  The  “removal”  of  an 
electron  from  transport  requires  a  long  lifetime 
of  an  electron  on  a  pinned  orbit,  obtained  when 
the  mobility  between  the  antidots  is  preserved.  In 
this  picture,  the  “reduction”  of  the  carrier  den¬ 
sity  for  commensurate  magnetic  fields  increases 
both  pxx  and  pxy.  The  model  involves  three  dif¬ 
ferent  pools  of  electrons:  pinned ,  scattered ,  and 
drifting  ones  which  are  sketched  in  Fig.  7a.  While 
the  fraction  /p  of  pinned  orbits  reduces  the  car¬ 
rier  density  for  commensurate  B ,  the  fraction  of 
scattered  electrons,  /s,  carries  the  current  at  low 
B.  These  electrons  scatter  as  in  a  pinball  game; 
their  scattering  time  rf  is  of  the  order  a/v  F.  At 
higher  B ,  both  pinned  and  scattered  trajectories 
die  out  and  become  replaced  by  drifting  ones 
which,  due  to  the  suppression  of  backscattering 
sketched  in  Fig.  7b,  are  characterized  by  the 
intrinsic  scattering  time  t»t'  of  the  2DEG. 
This  is  the  origin  of  the  pronounced  negative 
magnetoresistance  observed  in  experiment  when 
Rc  becomes  smaller  than  a/2 .  The  size  of  the 
different  fractions  depends  on  the  magnetic  field 
and  has  to  be  determined  numerically.  For  these 
calculations  we  assumed  a  hard  wall  potential: 
hence  the  electrons  between  the  antidots  move 
on  circles  or  arcs  with  cyclotron  radius  Rc.  Each 
pool  of  carriers  is  characterized  by  a  specific 
Drude  resistivity.  In  a  patterned  sample  each 
contingent  contributes  to  the  total  resistivity 
which  is  obtained  from  the  inverted  sum  of  the 
individual  conductivity  tensors  [4].  The  result  of  a 
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Fig.  7.  (a)  scattered  (s),  pinned  (p)  and  drifting  (d)  trajectories, 
(b)  Trajectories  which  connect  neighboring  antidots  are  sup¬ 
pressed  once  the  cyclotron  radius  Rc  becomes  smaller  than 
(a  -  d)/ 2.  The  suppression  of  backscattering  is  the  origin  of 
the  negative  magnetoresistance  observed  in  experiment,  (c) 
Calculated  pxx  and  pxy  traces  for  the  parameters  of  sample  3. 
Features  attributed  to  orbits  around  1,  2  and  4  antidots  (at 
Rc/a  ~  0.5,  0.8  and  1.14)  are  most  prominent.  The  top  axis  is 
given  in  units  of  the  normalized  cyclotron  radius  rc  =  Rc/ a. 
From  Ref.  [4]. 

model  calculation  with  parameters  relevant  for 
trace  3  of  Fig.  3  {d/a  =  1/3)  is  shown  in  Fig.  7c. 
Remarkable  similarities  with  the  experiment  are 
evident:  the  commensurability  effects  associated 
with  orbits  around  1,  2,  and  4  antidots  are  quite 
prominent  in  both  pxx  and  pxy. 

Not  explained  by  the  model,  however,  is  the 
magnetic  field  position  of  the  low  B  peak  of 
sample  2  in  Fig.  3  and  the  quenching  of  the  Hall 
effect.  This  is  due  to  the  omission  of  an  essential 
ingredient  in  our  model:  the  finite  slope  of  the 
potential  around  each  antidot  which  causes  devi¬ 
ations  from  a  circular  cyclotron  motion.  The  pin¬ 
ball  model  works  as  long  as  the  length  over  which 
the  antidot  potential  varies  is  small  compared  to 
a  -  d:  then  deviations  from  strictly  circular  trajec¬ 
tories  occur  only  in  the  immediate  locale  of  each 
antidot.  For  larger  d/a  (higher  zero  field  resis¬ 
tance)  the  validity  of  the  pinball  model  becomes 
more  and  more  questionable.  In  general,  the 
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electron  dynamics  in  a  “soft”  antidot  potential 
can  not  be  described  in  terms  of  circular  cy¬ 
clotron  motion  characteristic  for  conventional 
electron  gases  in  the  limit  cocr  »  1  ( a)c  =  eB/m*\ 
cyclotron  frequency).  One  way  to  obtain  informa¬ 
tion  about  the  electron  dynamics  is  to  solve  the 
classical  equations  of  motion  in  a  model  antidot 
potential.  Using  such  an  approach  Lorke  et  al. 
[24]  calculated  the  conductivity  tensor  from  the 
Einstein  relation.  Fleischmann,  Geisel  and  Ketz- 
merick  (FGK)  applied  a  Kubo-type  ansatz  [17]. 
Using  a  model  potential  U(x,y)  =  U0[sin(Trx/a) 


$in(iry/a )F  sketched  in  Fig.  8a  they  start  from 
the  classical  Hamiltonian 

H  =  eP=  ~^(p~eA)2  +  u(x,y)  (1) 

(p  is  the  electron  momentum  and  A  the  vector 
potential)  and  integrate  the  Hamiltonian  equa¬ 
tions  of  motion.  The  numerical  results  are  trajec¬ 
tories  x(t),  y(t),  and  corresponding  velocities 
vx(t)=x,  vy(t)  =y  [17].  The  phase  space  is  gener¬ 
ally  divided  into  regions  with  regular  cyclotron¬ 
like  motion  and  chaotic  motion.  This  is  illustrated 


Fig.  8.  (a)  Antidot  model  potential.  The  steepness  of  the  potential  is  controlled  by  the  parameter  p;  here:  (3  =  4.  (b)  Phase  space 
map  showing  regions  of  regular  and  chaotic  motion.  The  point  in  the  center  represents  an  intersection  with  with  a  cyclotron -type 
orbit  of  radius  ~  0.5a  around  one  antidot  at  (jc,y)  =  (0,0).  (c)  Real  space  trajectories  for  an  incommensurate  (Rc  =  a)  and  (d) 
commensurate  (2 Rc  —  a)  magnetic  field  value  [28]. 
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in  the  Poincare  surface  of  section  (y,  vy )  at 
jt(mod  a)  =  0  in  Fig.  8b;  an  island  of  regular 
motion  is  clearly  distinguishable  from  the  sea  of 
chaotic  motion.  The  points  surrounding  the  sta¬ 
ble  island  stem  from  one  chaotic  electron  trajec¬ 
tory  scattered  throughout  the  antidots  lattice. 
Figs.  8c  and  8d  display  chaotic  real  space  trajec¬ 
tories  close  to  the  island  of  regular  motion  for  an 
incommensurate  and  commensurate  magnetic 
field  value,  respectively.  The  electrons  within  the 
stable  island  behave  as  the  pinned  electrons  of 
our  simple  pinball  model:  they  do  not  contribute 
to  transport  [17].  Surprisingly,  however,  Fleisch- 
mann  et  al.  found  that  it  is  not  primarily  pinned 
orbits  but  chaotic  trajectories  whirling  around  the 
antidots  (displayed  in  Fig.  8d)  at  commensurate 
B’s  which  are  responsible  for  the  emergence  of 
the  pxx  peaks.  Their  contribution  to  the  conduc¬ 
tivity  cr  can  be  expressed  via  the  Kubo-type  for¬ 
mula 

o-ijCtJ  e~t/r(vi(t)vj(Q))  dt.  (2) 

The  indices  i,  j  stand  for  x  or  y  and  the  bracket 
denotes  averaging  over  phase  space.  The  integral 
is  taken  only  over  chaotic  trajectories.  Note  that 
the  unperturbed  chaotic  motion  is  “cut  off”  by 
the  intrinsic  scattering  time  r.  Straightforward 
evaluation  of  equations  based  on  Eq.  (2)  results 
in  pxx  [17]  and  pxy  traces  [25]  which  can  be 
compared  with  experiment.  The  classical  electron 
dynamics  leaves  distinct  marks  found  in  experi¬ 
ment.  The  shift  of  the  “orbit-around-four-anti- 
dots-peak”  (Fig.  3,  trace  2)  towards  lower  mag¬ 
netic  fields  can  be  reproduced  within  the  FKG 
model,  and  reflects  “squeezed”  orbits  around  four 
antidots,  connected  to  an  augmented  cyclotron 
frequency.  The  FKG  model  also  successfully  de¬ 
scribes  the  quenching  of  the  Hall  effect:  the  sup¬ 
pression  of  the  Hall  voltage  is  due  to  trajectories 
channeling  over  many  periods  in  positive  and 
negative  direction  along  the  main  axes  of  the 
(square)  antidot  array.  This  guiding,  and  there¬ 
fore  the  quenching,  is  less  significant  if  the  lattice 
is  more  open  (larger  periods,  see  Fig.  6).  The 
calculated  Hall  resistance  pxy  involving  the 
chaotic  trajectories  via  Eq.  (2)  shows  a  quenching 
of  the  Hall  effect  and  even  a  negative  Hall  resis¬ 


tivity  (due  to  preferential  scattering)  as  in  experi¬ 
ment  [25]. 

5.  Magnetotransport  experiments:  quantization  of 
periodic  orbits 

The  magnetotransport  experiments  described 
in  the  previous  sections  were  carried  out  at  tem¬ 
peratures  where  quantum  effects  in  the  low  mag¬ 
netic  field  range  in  which  the  commensurability 
effects  dominate  were  negligible.  In  this  section, 
we  explore  transport  in  a  temperature  regime 
where  the  quantization  of  classical  electron  mo¬ 
tion  comes  into  play  [26,27].  Measurements  of  pxx 
at  T  ~  0.4  K  display  quantum  oscillations  super¬ 
imposed  upon  the  low  B  resistance  anomalies. 
Corresponding  data  for  sample  1  with  d/a  ~  0.5 
are  shown  in  Fig.  9a,  where  we  compare  pxx  from 
both  patterned  and  unpatterned  sample  seg¬ 
ments.  In  the  unpatterned  part,  1 /^-periodic 
Shubnikov-de  Haas  (SdH)  oscillations  reflect  the 
Landau  energy  spectrum.  The  quantum  oscilla¬ 
tions  in  the  antidot  segment  reveal  quite  different 
behavior.  The  oscillations  are  periodic  in  B  with 
a  period  AB  ~  0.105  T  ~h/ea 2  corresponding  to 
the  addition  of  approximately  one  flux-quantum 
through  the  antidot  unit  cell.  At  4.7  K,  the  quan¬ 
tum  oscillations  are  smeared  out  while  the  char¬ 
acteristic  pxx  peak  at  2Rc  =  a ,  attributed  to 
trapped  electrons  whirling  around  one  antidot 
(see  Fig.  8d),  persists.  The  oscillations  periodic  in 
B  dominate  only  the  low  B  regime  (2 Rc  >  a  -  d); 
at  high  B ,  the  sample  behaves  as  if  unpatterned, 
and  pxx  displays  minima  which  are  1/5-periodic 
reflecting  quantization  of  essentially  unperturbed 
cyclotron  orbits  (Fig.  9a,  left  inset).  In  Fig.  9b  we 
plot  the  oscillation  index  r\  for  both  the  high  and 
low  field  regime  versus  inverse  magnetic  field 
positions  of  the  pxx  minima.  At  high  B,  r\  is  the 
filling  factor  v  =  nsh /eB  counting  the  number  of 
occupied  (spin-split)  Landau  levels.  At  low  B  the 
antidot  potential  strongly  mixes  different  Landau 
levels  and  the  filling  factor  looses  its  physical 
meaning. 

Deviations  from  a  linear  1/B  dependence  in 
Fig.  9b  can  be  assigned  to  the  periodic  orbits 
shown  for  an  intermediate  and  low  B  value  in  the 


416 


D.  Weiss  et  al.  /Surface  Science  305  (1994)  408-418 


insets  of  Fig.  9b.  These  orbits  play  a  central  role 
in  explaining  the  positions  of  the  pxx  extrema. 
This  is  evident  from  the  calculated  action  S(B ) 
(see  below)  of  these  orbits,  displayed  in  Fig.  9b. 
B- periodic  oscillations  as  shown  in  Fig.  9a,  how¬ 
ever,  are  not  an  inherent  property  of  antidot 


Fig.  9.  (a)  pxx  measured  in  the  patterned  (top  traces)  and 
unpatterned  (bottom  trace)  segment  of  the  same  sample  for 
T  =  0.4  K  (solid  lines)  and  4.7  K  (dashed  line).  The  left  inset 
displays  the  pxx  trace  from  the  patterned  segment  up  to  10  T; 
the  filling  factor  v  =  2  is  marked.  At  high  B ,  the  emergence  of 
SdH  oscillations  reflects  the  quantization  of  essentially  unper¬ 
turbed  orbits.  Right  inset:  sketch  of  the  sample  layout,  (b)  The 
triangles  mark  all  (up  to  10  T)  l/B  positions  of  the  pxx 
minima.  At  high  B  the  resistance  minima  lie  equidistant  on 
the  1  /B  scale;  at  low  B  the  spacing  becomes  periodic  in  B. 
Solid,  dashed  and  dotted  lines  are  calculated  reduced  actions 
S(B )  of  orbits  (a)  (b)  and  (c),  respectively.  These  orbits  are 
shown  for  l/B  0.6  T-1  (top)  and  l/B  =  2.7  T"1  (bottom 
inset).  The  potential  steepness  in  the  calculation  was  (3  =  2. 
From  Ref.  [26]. 


Fig.  10.  pxx  and  A pxx  (arbitrary  units)  vs.  l/B.  The  oscilla¬ 
tion  index  77  labels  pxx  minima  positions  on  the  l/B  scale 
(triangles).  Dashed  line:  Calculated  action  S(B)  for  an  orbit 
between  four  antidots.  Solid  line:  S(B)  for  electron  encom¬ 
passing  one  antidot.  From  Ref.  [26]. 


arrays.  Data  taken  from  a  superlattice  with 
smaller  d/a  ~  0.4  are  shown  in  Fig.  10.  In  con¬ 
trast  to  the  data  of  Fig.  9a  the  pxx  minima  are 
periodic  in  1  /B  over  nearly  the  entire  field  range 
but  display  similar  deviations  for  intermediate  B 
where  the  low  field  anomalies  begin  to  disappear 
(between  0.6  and  1  T).  Again,  the  experimental 
data  are  best  described  by  the  action  calculated 
for  an  orbit  between  four,  and  around  one,  anti¬ 
dot.  The  crossover  from  ^-periodic  to  1  /B- peri¬ 
odic  oscillations,  dependent  on  the  normalized 
cross  section  d/a,  together  with  the  fact  that  the 
antidot  array  is  much  larger  than  the  phase 
breaking  length  in  a  2DEG  [29],  suggest  that  the 
5-periodic  oscillations  observed  in  experiment  are 
not  the  usual  Aharanov-Bohm  oscillations  ob¬ 
served,  for  example,  in  metal  rings.  This  picture  is 
in  contrast  to  previous  work  [14,30].  In  the  follow¬ 
ing  we  assume  that,  as  usual  for  quantum  trans¬ 
port,  pxx  a  d2(E,B)  probes  the  electron  density 
of  states  d(E,B )  at  the  Fermi  energy  eF  [31]. 

To  obtain  information  about  d(E,B)  one  can 
go  through  quantum  mechanical  calculations  [32] 
and  obtain  complicated  spectra  which  are  hard  to 
interpret.  Another  approach  is  to  use  the  method 
of  semi-classical  quantization  of  chaotic  systems 
developed  by  Gutzwiller  and  others  [33].  The 
problem  to  be  solved  is  to  quantize  the  electron 
motion  in  a  classical  phase  space  dominated  by 
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chaotic  trajectories  like  the  ones  displayed  in 
Figs.  8c  and  8d.  It  turns  out  that  a  smoothed 
density  of  states  of  such  a  chaotic  system  can  be 
obtained  from  its  periodic  orbits .  The  orbits  which 
turned  out  to  be  relevant  in  our  system  (see  Refs. 
[26]  and  references  therein)  are  displayed  in  the 
insets  of  Fig.  9b.  Due  to  finite  temperatures  and 
impurity  broadening  effects  we  need  to  consider 
only  the  shortest  periodic  orbits.  Note  that  these 
orbits  are  of  negligible  measure  in  a  sea  of  non¬ 
periodic  motion.  The  periodic  orbits  cause  a 
modulation  of  d(E,B )  with  maxima  given  by  the 
quantized  action 

S(B)  =  j>  (m*v  +  eA)  dr 

=  m*  j>v  dr  —  eBsi(B)  =  lirhN,  (3) 

where  N  =  (n  +  y /2  +  a/ 4)  contains  the  quan¬ 
tum  number  n,  the  winding  number  y  and  the 
Maslov  index  a.  Bsf(B)  in  Eq.  (3)  is  the  enclosed 
flux  through  a  periodic  orbit  and  v  is  the  electron 
velocity  given  by  Eq.  (1).  To  compare  with  experi¬ 
ment  we  calculate  the  reduced  action  S(B) 


B  dependence  of  the  enclosed  area  sf .  For  un¬ 
perturbed  cyclotron  motion  S(B)  —  eBsi  holds, 
stf(B)  =  TrR2c  scales  with  1/B2,  and  1/B-periodic 
resistance  oscillations  result.  At  high  B ,  orbit  (a) 
is  essentially  unperturbed  and  in  this  realm  oscil¬ 
lations  periodic  in  l/B  are  prominent  in  Figs.  9b 
and  10.  At  lower  B  where  2 Rc  is  comparable  to 
the  period  a,  an  essentially  unperturbed  cy¬ 
clotron  motion  requires  a  sufficiently  “open”  an¬ 
tidot  lattice  (small  d/a,  large  /3).  1/5-periodic 
oscillations  between  1/B  —  1.3  T“x  and  2.5  T  1 
in  Fig.  10  document  such  behavior.  Deviations 
from  sf(B)al/B2  destroy  the  l/£-periodicity: 
smaller  action  is  caused  by  impeding  the  expan¬ 
sion  of  a  cyclotron  orbit.  B-periodic  oscillations 
result  when  si  is  independent  of  B .  This  condi¬ 
tion  is  closely  fulfilled  by  orbit  (b)  calculated  for 
/3  —  2,  d/a  =  0.5  and  shown  in  the  bottom  inset 
of  Fig.  9b.  This  trajectory  encloses  an  area  ~  a2 
causing  the  5-periodic  oscillations  with  A  B~ 
h/ea 2  displayed  in  Fig.  9a. 


6.  Acknowledgements 


S(B)  =2 


S(B) 

h 


-y(B)-^-l  =  2n; 


n  =  \,2,  ...,  (4) 

where  2 n  now  labels  minima  in  d(E,B).  Note, 
that  the  y-axis  of  Figs.  9b  and  10  represents  S, 
where  even  rj  are  described  by  Eq.  (4).  At  high 
B,  2 n  is  the  filling  factor  v.  The  calculated  traces 
of  S(B)  are  shown  in  Figs.  9b  and  10.  The  three 
periodic  orbits,  displayed  in  the  insets  of  Fig.  9b, 
are  sufficient  to  explain  the  minima  positions  of 
pxx  These  are  (i)  an  orbit  between  four  antidots, 
denoted  as  (a),  (ii)  an  orbit  around  one  antidot, 
(b),  and  (iii)  orbit  (c)  emerging  from  a  bifurcation 
of  orbit  (b). 

The  S(B)  curves  in  Fig.  9b  and  10  differ  in  the 
steepness  of  the  model  potential;  we  use  /3  =  2 
and  d/a  =  0.5  for  the  solid,  dashed  and  dotted 
lines  in  Fig.  9b,  and  p  —  4  and  d/a  =  0.4  for  the 
traces  in  Fig.  10.  Since  d/a  values  are  taken  from 
the  experiment  [4]  p  is  the  only  free  parameter. 

The  magnetic  field  dependence  of  S(B)  can  be 
explained  in  a  simplified  approach  evaluating  the 
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Abstract 

We  have  observed  a  pronounced  change  in  the  conductance  of  a  high-mobility  two-dimensional  electron  gas 
(2DEG)  caused  by  additional  scattering  of  electrons  at  magnetic  flux  tubes  (vortices)  which  are  formed  at  the  2DEG 
by  a  superconducting  ‘gate’  layer.  The  experimental  results  are  in  good  agreement  with  theory  if  account  is  taken  of 
the  small-angle  nature  of  electron-vortex  scattering. 


There  has  been  much  interest  in  the  last  few 
years  in  a  hybrid  system  in  which  an  extremely 
inhomogeneous  magnetic  field  created  by  a  type- 
II  superconductor  is  projected  down  onto  a  two- 
dimensional  gas  below  [1-7].  This  system  can  be 
fabricated  by  gating  a  GaAlAs/GaAs  hetero¬ 
structure  2DEG  with  a  type-II  superconducting 
film.  An  applied  magnetic  field  is  segregated 
within  and  near  the  superconductor  into  a  distri¬ 
bution  of  magnetic  flux  tubes  (vortices)  with  char¬ 
acteristic  diameter  d-2k(\~  0.1  |xm  and  is  the 
magnetic  field  penetration  depth).  Nonlocal  weak 
localization  [1-3],  mesoscopic  fluctuations  caused 
by  a  single  vortex  [4],  asymmetry  of  electron- 
vortex  scattering  and  diffraction  of  2D  electrons 
at  vortices  [5-8]  were  investigated  in  this  hybrid 
system.  A  point  of  fundamental  interest  here  is 
the  fact  that  the  size  of  the  magnetic  tubes  can  be 
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much  smaller  than  transport  relaxation  lengths, 
in  which  case  the  transport  is  essentially  nonlocal. 
Moreover,  under  the  conditions  that  vortices  are 
spatially  well  separated  (so  that  electrons  are  only 
influenced  by  vortices  along  a  small  part  of  their 
paths)  and  are  randomly  distributed,  they  can  be 
considered  as  additional  artificial  scatterers  intro¬ 
duced  into  a  2DEG.  Fig.  la  illustrates  this  aspect 
for  the  case  of  ballistic  transport. 

In  this  paper  we  report  a  contribution  to  the 
longitudinal  resistivity  of  a  2DEG  which  arises 
due  to  the  extra  scattering  of  ballistic  electrons  in 
a  random  distribution  of  vortices.  Some  evidence 
for  such  a  contribution  has  already  been  reported 
in  Ref.  [5],  but  the  present  results,  which  were 
obtained  in  a  very  high-mobility  2DEG,  are  much 
clearer  and  allow  quantitative  analysis.  In  addi¬ 
tion,  we  have  a  direct  proof  that  the  observed 
increase  in  the  resistance  is  not  caused  by  modifi¬ 
cation  of  the  weak  localization  magnetoresistance 

[1-3]. 

We  have  employed  two  GaAlAs/GaAs  het¬ 
erostructures  with  electron  concentrations,  n  = 
(0.365  and  4.13)  X  1015  m"2  and  /i  =  76  and  104 
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Fig.  1.  (a)  Schematic  motion  of  ballistic  electrons  through  the  vortices,  (b)  The  2DEG-superconductor  hybrid  system  and  our 
experimental  geometry. 


m2/V  •  s,  respectively.  The  elastic  mean  free  path 
of  electrons,  1,  is  11  |xm  for  the  material  with  high 
electron  concentration  and  2.4  pm  for  the  het¬ 
erostructure  with  lower  n.  Each  sample  used  in 
the  experiment  contained  two  identical  structures 
with  Hall  bar  geometry  fabricated  on  the  same 
chip  (see  Fig.  lb).  A  lead  superconducting  film 
(~0.1  jxm  thick)  was  deposited  on  one  of  the 
Hall  bars,  while  the  other  was  used  as  a  control 
to  compare  results  for  the  cases  of  uniform  mag¬ 
netic  field  and  the  distribution  of  vortices.  To 
avoid  ambiguity  arising  from  an  inevitable  differ¬ 
ence  between  electron  concentrations  under  the 
deposited  metal  gate  and  under  the  free  surface, 
a  3  nm  layer  of  aluminium  oxide  was  initially 
deposited  over  the  whole  chip,  providing  the  same 
surface  conditions  for  both  Hall  bars. 

Lead  films  of  these  thicknesses  are  known  to 
be  type-II  superconductors  and  have  a  very  small 
value  of  A  [9].  Our  films  had  the  transition  tem¬ 
perature  Tc  =  7.2  K  (the  same  value  as  for  the 
bulk  material)  and  upper  critical  field  of  ~  1200 
G  at  1.3  K.  These  measured  parameters  allowed 
us  to  calculate  all  other  superconducting  parame¬ 
ters  of  the  films  [9,4].  In  particular,  we  estimate 
A  -  60  nm  at  1.3  K  and  80  nm  at  4.2  K.  We  have 
also  taken  into  account  spatial  broadening  of 
vortices  when  they  emerge  from  the  superconduc¬ 
tor.  For  the  heterostructures  used  the  distance 
between  the  2DEG  and  the  superconductor  was 
70  nm  and  our  numerical  calculations  [4]  based 
on  the  Clem  model  of  a  vortex  yield  d  -  210  nm 


for  the  vortex  diameter  at  the  2DEG  at  1.3  K  and 
240  nm  at  4.2  K. 

In  our  experiments  it  was  important  to  avoid 
macroscopic  inhomogeneities  of  the  magnetic 
field  inside  the  sample  which  could  arise  due  to 
vortex  pinning.  Upon  sweeping  the  applied  mag¬ 
netic  field,  pinning  prevented  vortices  from 
spreading  easily  into  the  film  and  caused  large 
macroscopic  field  gradients.  This  inhomogeneity 
completely  obscures  all  other  effects  due  to  the 
distribution  of  vortices.  To  avoid  these  pinning 
effects,  we  performed  measurements  in  the  so- 
called  ‘field-cooling’  regime,  i.e.  every  change  of 
the  applied  magnetic  field  B  was  followed  by 
heating  the  sample  to  a  temperature  above  Tc 
and  then  cooling  it  in  the  magnetic  field  down  to 
1.3  or  4.2  K.  This  procedure  is  known  to  provide 
a  homogeneous  distribution  of  vortices  over  the 
superconductor  [9].  A  typical  distribution  of  vor¬ 
tices  in  the  field-cooling  regime  in  our  supercon¬ 
ducting  films  is  shown  in  Fig.  2  where  the  micro¬ 
graph  was  obtained  with  the  decoration  tech¬ 
nique  [9,10].  Note  that  vortices  do  not  form  a 
regular  lattice  in  our  strongly  pinned  supercon¬ 
ductor  (the  measured  critical  current  is  about 
105-106  A/cm2)  but  vortex  separations  are  still 
more  or  less  equal  throughout  the  film.  For  more 
experimental  details  we  refer  to  our  previous 
papers  [4,11]. 

Fig.  3a  shows  the  low-field  magnetoresistivity 
pu  of  the  control  (ungated)  sample  for  the  struc¬ 
ture  with  the  low  electron  concentration.  The 
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Fig.  2.  Typical  distribution  of  vortices  in  low  magnetic  fields 
imaged  with  the  decoration  technique  (B  =  10  G).  Bright 
spots  against  the  dark  background  are  vortices. 


resistance  has  a  very  sharp  peak  due  to  weak 
localization  in  magnetic  fields  below  20  G  and 
saturates  to  a  fairly  constant  value  in  the  higher 
fields.  The  low-field  behaviour  can  be  fitted  to 
the  Kawabata  theory  of  weak  localization  [11] 
which  yields  the  electron  phase-breaking  length 
=  10  |xm  at  1.3  K  and  ^5  jjim  at  4.2  K.  The 
weak  localization  peak  strongly  depends  on  tem¬ 
perature.  Its  value  decreases  by  a  factor  of  4 


upon  increasing  temperature  from  1.3  to  4.2  K. 
The  width  of  the  peak  becomes  wider  as  temper¬ 
ature  increases.  The  weak  localization  peak  is 
also  observed  in  the  magnetoresistance  pG  of  the 
sample  gated  with  the  superconductor  but  it  com¬ 
pletely  disappears  in  the  differential  magnetore¬ 
sistance  pv  =  pG  —  pu  (see  Fig.  3b).  What  remains 
represents  the  effect  of  vortices  on  the  2DEG 
resistivity.  We  emphasize  the  following  important 
features  of  the  differential  (electron -vortex)  re¬ 
sistivity  pv:  (1)  pv  is  positive  and,  at  4.2  K, 
exceeds  the  weak  localization  magnetoresistance; 

(2)  it  depends  linearly  on  B  at  fields  below  40  G; 

(3)  it  extends  far  beyond  the  region  of  the  weak 
localization  peak  and  completely  disappears  at 
fields  above  400  G;  and  (4)  pv  has  a  weak  tem¬ 
perature  dependence.  We  note  that  vortices  are 
known  to  effect  weak  localization  but  this  influ¬ 
ence  is  negligibly  small  in  magnetic  fields  above 
4>o/L%  [1-3,12].  The  latter  value  corresponds  to 
one  vortex  (one  flux  quantum  <f>Q  =  h /2e)  per  the 
phase-coherent  volume,  L\,  and  it  is  less  than  1 
G  in  our  experiment.  Furthermore,  the  micro-in¬ 
homogeneity  of  the  magnetic  field  leads  to  an 
increase  in  the  weak  localization  correction,  and 
the  net  effect  would  be  a  negative  differential 
magnetoresistance  for  the  2DEG,  in  contrast  to 
what  we  observe.  The  weak  localization  be¬ 
haviour  has  been  investigated  in  detail  in  Refs. 
[1-3,13]  and  for  a  relatively  high-mobility  2DEG 
it  will  also  be  the  subject  of  a  further  publication. 
The  size  of  the  correction  is  below  the  limit  of 
resolution  in  this  experiment. 
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Fig.  3.  (a)  Magnetoresistance  of  the  control  sample  with  n  =  0.365  X  1015  irT2  at  1.3  and  4.2  K.  (b)  The  residual  electron-vortex 
resistivity  pv  =p°  -  pv  at  1.3  K  (dots)  and  4.2  K  (crosses). 
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N  (1 08cm  2) 


B=N<t>„  (G) 

Fig.  4.  The  electron-vortex  resistivity  for  the  2DEG  with 
n  =  4.13 X 1015  m-2. 

The  electron-vortex  resistance  pv  in  the  sam¬ 
ple  with  n  =  4.13  X  1015  m~2  is  shown  in  Fig.  4. 
It  is  readily  seen  that  it  has  the  same  functional 
form  as  in  the  sample  with  lower  n  but  the 
overall  magnitude  is  smaller  by  a  factor  of  about 

10°.  . 

Let  us  first  qualitatively  explain  the  functional 
form  of  pv.  In  low  applied  fields  vortices  are 
spatially  well  separated  and  their  effects  on  the 
2DEG  are  additive.  Since  the  concentration  of 
the  scatterers  (vortices)  increases  with  the  ap¬ 
plied  field  B  as  N  =  B/<t>0,  the  magnetoresis¬ 
tance  pv  is  linear  at  these  fields.  In  large  external 
fields  the  distance  between  individual  vortices, 
L(pm)  =  5[B(G)]~1/2,  decreases  to  a  value  com¬ 
parable  with  the  vortex  diameter  and  magnetic 
fields  due  to  adjacent  vortices  strongly  overlap. 
Consequently  the  inhomogeneity  rapidly  smears 
out,  yielding  a  somewhat  uniform  magnetic  field 
at  the  2DEG  although  superconductivity  in  the 
gate  is  not  destroyed.  This  smearing  results  in  a 
vanishing  difference  between  the  gated  and  con¬ 
trol  samples  and  explains  the  high-field  decay  of 
pv  seen  in  Figs.  3  and  4. 

To  explain  quantitatively  the  observed  values 
of  the  linear  magnetoresistance  and  the  two  or¬ 
ders  of  magnitude  difference  between  the  sam¬ 
ples  with  different  electron  concentrations  we 
shall  view  the  vortices  as  independent  scatterers 
introduced  into  the  2DEG  [5—8]  (see  Fig.  la).  As 
pointed  out  earlier,  the  vortices  are  randomly 
distributed  because  of  strong  pinning  in  our  sam¬ 
ples  (see  Fig.  2).  The  resistivity  due  to  the  vor¬ 
tices  with  concentration  N  can  be  expressed  by 


the  standard  formula:  pv  =  m*/ne2 t,  where  r  is 
the  transport  mean-free  time  for  this  type  of 
scattering.  The  transport  time  is  equal  to  the 
interval  between  electron  collisions  with  the  vor¬ 
tices,  r*  =  1  /NdvF  in  case  of  large-angle  scatter¬ 
ing  (0  -  1)  and  r  «  r*6T2  for  0  «  1  (where  Up  is 
the  Fermi  velocity).  Note  that  in  both  cases  p  cr 
1/t *  a  N  cc  B.  The  maximum  angle  0m,  by  which 
an  electron  is  deflected  when  passing  thiough  a 
vortex,  can  be  estimated  as  0m  =  wcrtr  =  kF/2d, 
where  wc  is  the  cyclotron  frequency  in  a  charac¬ 
teristic  field  inside  the  vortices  b  =  <f>0/d~,  Ttr  — 
d/v  F  is  the  transit  time  through  the  vortex  and 
AF  is  the  Fermi  wavelength.  This  angle  is  equal  to 
~  0.4  and  ~  0.1  for  the  samples  with  low  and 
high  electron  concentrations,  respectively.  Using 
the  expressions  given  above,  we  find. 

pV/p. =  (0.3/rr3)(ApAO2(M/<M5 

for  0  ■«  1,  (la) 

pv/pi  =  (ld/4>o)B 

for  6  —  1,  (lb) 

where  p,  is  the  resistivity  due  to  the  impurity 
scattering.  In  Eq.  (la)  we  use  the  numerical  coef¬ 
ficient  obtained  in  the  rigourous  calculations  of 
Ref.  [8].  Note  that  in  the  limit  of  small-angle 
scattering  the  electron-vortex  resistivity  depends 
on  the  electron  concentration  as  pvapjA2Fa 
p{n~l  ctn~2.  This  dependence  explains  the  ob¬ 
served  difference  of  pv  for  different  n. 

For  the  sample  with  high  n,  where  0m  ~  0.1, 
theory  gives  the  magnetoresistance  slope  pv/B  - 
5  X  10~4  fl/G  in  the  limit  0  <k  1.  This  result  is  in 
good  agreement  with  the  experimental  value  of 
3  X  10“ 4  fl/G.  For  the  sample  with  lower  n(0m 
~  0.4)  the  experimental  slope  is  6  X  10 “2  fl/G, 
which  is  substantially  larger  but  still  close  to  the 
small-angle  limit  value  of  2  X  10  2  fl/G.  The 
corresponding  value  for  the  case  of  0  —  1  is  6 
fl/G,  indicating  that  the  experimental  situation 
is  still  very  far  from  large-angle  scattering.  The 
same  conclusion  follows  from  the  temperature 
dependence  of  the  magnetoresistance  slopes  in 
Fig.  3b.  For  small-angle  scattering  pY  a  1/d 
(where  d  is  the  vortex  diameter)  while  for  0  -  1 
we  get  the  inverse  dependence  (see  Eq.  (D).  The 
experimental  data  show  a  decrease  in  the  elec- 
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tron-vortex  resistivity  of  15%  as  temperature  in¬ 
creases  from  1.3  to  4.2  K.  The  decrease  indicates 
the  small-angle  scattering  limit  and  its  value  is  in 
agreement  with  the  expected  broadening  of  the 
vortex  diameter  from  210  to  240  nm. 

In  conclusion,  a  randomly  distributed  magnetic 
field  which  is  modulated  on  a  scale  less  than  the 
elastic  electron  mean-free  path  causes  an  extra 
contribution  to  the  resistivity  of  a  2DEG.  We 
show  that  the  situation  can  be  quantitatively  de¬ 
scribed  by  the  small-angle  scattering  of  2D  elec¬ 
trons  by  the  field  inhomogeneities. 
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Abstract 

We  compute  the  Hall  and  diagonal  resistivities  of  a  two-dimensional  electron  gas  in  the  presence  of  randomly 
placed  magnetic  flux  tubes.  It  is  found  that  there  is  a  suppression  of  the  Hall  conductance  below  its  expected  value 
for  the  corresponding  uniform  magnetic  field  case  at  low  electron  densities,  in  agreement  with  recent  experiments. 
At  densities  somewhat  lower  than  achieved  thus  far  experimentally,  we  find  resonances  in  the  transport  coefficients 
due  to  Landau  level  structures  in  the  flux  tubes.  A  classical  calculation  of  the  Hall  resistance  reproduces  the  broad 
features  of  the  Hall  conductance  for  integral  or  half-integral  numbers  of  flux  quanta  in  each  flux  tube. 


In  recent  years,  there  has  been  increasing  in¬ 
terest  in  the  behavior  of  the  two-dimensional 
electron  gas  (2DEG)  in  inhomogeneous  magnetic 
fields.  Such  systems  are  of  interest  because  they 
offer  a  new  and  unusual  way  of  introducing  an 
external  potential  in  the  electron  gas,  that  does 
not  necessarily  involve  adding  random  impurities 
to  the  system.  The  subject  has  also  attracted 
some  very  recent  attention  because  of  a  possible 
connection  with  the  v  =  \  Hall  effect  [1]. 

In  practice,  such  inhomogeneous  magnetic 
fields  are  made  possible  by  depositing  a  thin 
superconducting  film  above  the  2DEG,  so  that 
the  field  is  broken  up  into  vortex  lines  just  above 
the  electron  gas  [2,3].  If  the  ratio  of  the  supercon¬ 
ducting  flux  quantum  he /2e  to  the  magnetic 
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field  B  is  large  compared  to  the  area  of  a  typical 
vortex  line,  then  to  a  first  approximation  one  may 
think  of  the  magnetic  field  as  being  confined  only 
to  small  regions  of  the  electron  gas.  For  large 
magnetic  fields,  the  vortices  form  a  hexagonal 
lattice,  leading  one  to  investigate  the  behavior  of 
electrons  in  a  periodic  magnetic  field  [4,5].  For 
low  enough  magnetic  fields,  the  positions  of  the 
vortices  will  be  random,  due  to  inhomogeneities 
in  the  superconducting  film.  We  consider  the 
latter  situation  in  this  work. 

In  this  work,  we  will  investigate  the  Hall  effect 
in  this  system  using  a  Boltzmann  equation  ap¬ 
proach.  Recent  experiments  [3]  have  investigated 
this  quantity,  and  have  found  that  at  high  elec¬ 
tron  densities,  the  Hall  resistivity  is  essentially 
the  same  as  in  a  uniform  magnetic  field,  while  at 
lower  densities,  it  becomes  suppressed  below  this 
value.  Past  theoretical  work  anticipated  the  for¬ 
mer  result  [6],  although  the  latter  is  largely  unex- 
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Fig.  1.  Hall  factor  FH  as  a  function  of  kFR  for  flux  tubes 
containing  a  =  0.5  (solid  line)  and  a  =  2.5  (dashed  line)  flux 
quanta  he  / e.  Circles  are  data  taken  from  Ref.  [3].  Inset: 
as  calculated  classically. 


plained.  Below,  we  will  show  explicitly  that  there 
is  indeed  a  suppression  of  the  Hall  resistivity  in  a 
simple  model  of  flux  tubes  randomly  distributed 
through  an  electron  gas,  when  kFR  <  1,  where 
kF  is  the  Fermi  wavelength  and  R  the  radius  of  a 
flux  tube.  This  suppression  is  largely  a  result  of 
the  ineffectiveness  of  the  flux  tube  as  a  scatterer 
if  it  is  too  narrow,  and  can  be  understood  in  a 
purely  classical  model.  We  also  find  that  there 
can  be  resonances  in  the  Hall  resistivity  due  to 
the  Landau  level  structure  in  the  flux  tubes,  and 
that  there  are  interesting  oscillations  in  both  the 
Hall  resistance  and  the  diagonal  resistance  as  a 
function  of  the  flux  in  each  vortex,  which  is  a 
consequence  of  the  Aharanov-Bohm  effect. 

A  typical  result  is  illustrated  in  Fig.  1,  where 
we  plot  the  Hall  factor,  defined  as  FH(kFR)  = 
pxynsec/B,  where  pxy  is  the  Hall  resistivity,  ns 
the  sheet  density,  and  B  is  the  spatially  averaged 
magnetic  field.  The  flux  parameter  a ,  which  is 
the  number  of  flux  quanta  contained  in  a  single 
flux  tube,  is  taken  to  be  0.5,  as  is  expected  for  the 
experiment  of  Ref.  [3].  We  note  also  that, 
throughout  this  paper,  we  assume  for  simplicity 
that  the  magnetic  field  is  uniform  inside  the  flux 
tube.  One  can  see  a  “knee”  in  the  Hall  factor 


near  kFR  =  2,  which  may  be  traced  back  to  a 
scattering  resonance  through  the  first  Landau 
level  in  the  region  of  the  magnetic  field.  (Such 
resonances  can  be  quite  pronounced  for  larger 
values  of  a ,  leading  to  non-monotonic  behavior 
in  Fh;  this  is  also  illustrated  in  Fig.  1.)  For 
comparison,  the  experimental  points,  as  taken 
from  Ref.  [3],  are  plottedQ  as  well,  with  their 
assumption  that  R  =  1000  A.  One  can  see  good 
qualitative  agreement  here.  We  note  that  the 
choice  of  R  is  somewhat  arbitrary,  as  the  field 
profile  inside  the  flux  tube  is  not  really  uniform; 
we  find  that  the  agreement  between  experiment 
and  theory  can  be  made  quantitative  if  we  use  an 

o 

effective  radius  of  R  =  650  A. 

In  Fig.  2,  we  illustrate  (for  a  =  1/2  and  a  = 
5/2)  the  quantity  m* /hn^rikpR),  where  m*  is 
the  effective  mass,  nL  is  the  number  of  vortices 
per  unit  area,  and  r(kFR)  is  the  elastic  mean 
lifetime  for  scattering  off  the  vortices.  This  quan¬ 
tity  is  proportional  to  the  diagonal  resistivity  pxx , 
and  so  is  easily  measured  experimentally.  It  is 
interesting  to  see  that  there  is  a  peak  in  the 
resistivity  near  kFR  =  2,  which  once  again  we 
interpret  as  a  scattering  resonance.  Not  surpris¬ 
ingly,  similar  plots  for  larger  values  of  a  reveal  a 
number  of  such  resonances.  It  is  also  interesting 


kFR 

Fig.  2.  Unitless  measure  of  the  inverse  scattering  time  due  to 
the  flux  quanta,  as  given  in  Eq.  (7),  for  a  =  0.5  (solid  line)  and 
a  =  2.5  (dashed  line). 
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to  look  at  this  quantity  for  fixed  kFR  =  2,  as  a 
function  of  a.  One  finds  oscillations  of  period 
one,  which  are  a  manifestation  of  the  Aharanov- 
Bohm  effect.  Similar  oscillations  are  present  in 
the  Hall  factor,  although  they  are  not  as  pro¬ 
nounced. 

We  now  discuss  the  derivation  of  our  results. 
In  the  symmetric  gauge,  and  in  polar  coordinates 
(r,  6),  the  eigenstates  if/(qr)  of  an  electron  in  the 
presence  of  a  single  flux  tube  of  radius  R  can  be 
written,  for  large  distances  r,  as  [7] 

t{qr 

lim  i p(qr)  =e'qx +f(q,  6)-^,  (1) 

where  f(q ,  6)  is  the  total  scattering  amplitude, 
given  by 


f{q ,  o)  = 


1 

_  p  —177-/4 

yjlirq 


sin  ira 
sin  6/2 


00 

+  E 

m  —  —  co 


e2i 


2i^2 
A\  +  i^2 


(2) 


Wkk,  j*  Wk>  k.  The  Boltzmann  equation,  in  the 
presence  of  an  electric  field  E ,  takes  the  form 

-eE^g(k)  =  -L(Wkrg(k)[  1  -*(*')] 

"*(*)]) 

g(k)-gQ(k) 

- .  (6) 

T  j 

Here,  E  is  the  applied  electric  field,  g(k)  is  the 
number  of  electrons  in  the  volume  element  dk 
about  the  point  k ,  and  g0(k )  is  the  equilibrium 
Fermi  distribution.  The  last  term  of  Eq.  (7)  de¬ 
scribes  collisions  with  the  usual  impurities,  so 
that  Tj  is  the  relaxation  time  in  absence  of  mag¬ 
netic  field. 

It  may  be  shown  [6]  that  this  equation  is  identi¬ 
cal  to  the  Boltzmann  equation  in  a  uniform  mag¬ 
netic  field  and  a  random  impurity  potential,  with 
a  total  relaxation  time  r  of  the  form 

/s)-"^Cmi~cose)'nk-9)'2 


and 

Sm=2^m+  lm_aD-  (3) 

In  these  expressions  q  is  related  to  the  electron 
energy,  e,  by  the  relation  e  =  h2q2/2m*. 

From  the  total  scattering  amplitude  it  is  possi¬ 
ble  to  calculate  the  T  -  matrix  element  between 
two  plane  waves  of  wavevector  k  and  k\  both 
with  the  same  magnitude  k ,  and  forming  an  angle 
6  between  them: 

i  in  ^  I  2 

f(k’9)  =  ~MT\ ^  e-'m/\k'\T\k).  (4) 

In  terms  of  this  matrix  element,  the  transition 
probability  from  the  state  \k)  to  the  state  |  k')  is 
given  by  the  Golden  rule 

2  77" 

nL\(k'\T\k)\2S(e(k')  -e(k)).  (5) 

Note  that  since  the  scattering  is  due  to  a  mag¬ 
netic  field  f(q,  6)  f(q,  -6),  and  therefore 


1 


and  an  effective  magnetic  field  Beff  =  BFH(kR), 
where  the  Hall  factor  FH(kR),  is  given  by  the 
expression 

FH(kR)  =  /-(2”\f(k,e)\2sindde.  (8) 

lira  •'o 

Note  that  both  the  Hall  factor  and  the  relaxation 
time  only  depend  on  the  dimensionless  quantity 
kR . 

We  illustrate  in  Fig.  1  the  Fall  factor  in  the 
case  of  vortices  with  magnetic  flux  a  =  0.5  and 
2.5.  Note  the  two  following  limits  in  Fig.  1:  (a) 
Fh-0  when  kFR  ->  0.  This  happens  because  in 
this  limit  there  is  no  magnetic  field.  This  behavior 
is  precisely  reproduced  by  our  classical  model 
below,  (b)  Fh-7  1  when  kFR  ->  oo,  coinciding  with 
the  semiclassical  result  [6].  However,  for  2 a  not 
precisely  equal  to  an  integer,  we  find  Fu  may 
either  be  suppressed  or  elevated  from  the  semi¬ 
classical  value.  Such  behavior,  we  shall  see,  does 
not  arise  in  the  classical  model,  and  appears  to  be 
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a  purely  quantum  effect.  Physically,  this  is  a  re¬ 
sult  of  the  Aharanov-Bohm  effect,  for  which 
there  is  a  relative  phase  shift  of  electron  paths 
traversing  either  side  of  the  flux  tube,  even  with¬ 
out  passing  through  it.  Thus,  the  vector  potential 
outside  the  flux  tube  is  capable  of  scattering  elec¬ 
trons,  an  effect  which  never  arises  classically. 

In  Fig.  2,  we  illustrate  the  variation  of  the 
dimensionless  quantity 

kFfl7r  d0(l  -  cos  0)\f(k,  0)\2  (9) 

versus  kFR  for  different  values  of  the  magnetic 
flux  a.  This  quantity  is  related  with  the  inverse  of 
the  scattering  time  due  to  the  presence  of  vor¬ 
tices.  From  Eq.  (7)  the  value  of  this  function  in 
kFR  =  0  is  2  sin  7ra:2.  This  function  develops  a 
maximum  at  the  values  of  kFR  which  correspond 
to  the  first  Landau  levels  of  the  magnetic  field  in 
the  disk.  As  a  increases  more  structure  is  ob¬ 
served  because  the  Landau  levels  are  more  sepa¬ 
rated  in  energy.  In  high  mobility  samples  (mean 
free  path  around  104— 105  A),  and  at  magnetic 
field  around  150  G,  the  scattering  time  due  to  the 
vortices  can  be  shorter  than  that  due  to  the  usual 
impurities. 

Finally,  we  now  show  that  much  of  the  behav¬ 
ior  illustrated  in  Fig.  1  may  be  understood  from  a 
purely  classical  approach.  We  begin  by  noting 

I  f(k,  d)\2  =  da/dO,  (10) 

where  dcr/d6  is  the  differential  cross-section  in 
two  dimensions.  Noting  that  the  scattering  angle 
6  is  a  unique  function  of  the  impact  parameter  5, 
it  is  not  difficult  to  show  that  dor/dd  =  ds/d0,  so 
that 

FH(kFR)  =  ^~  fR  ds  sin  6{s).  (11) 

By  integrating  Newton’s  equation,  one  may  ex¬ 
plicitly  compute  6(s).  We  find  the  resulting  form 
of  Fn  to  be  a  universal  function  of  the  parameter 
kFR/a ,  and  plot  it  in  the  inset  of  Fig.  1.  One  can 
thus  see  the  suppression  of  FH  near  small  kFR , 
which  in  the  classical  case  is  simply  the  statement 
that  the  cross-section  of  an  infinitely  thin  solenoid 


is  zero.  For  large  kFR,  the  semiclassical  result  [6] 
is  recovered. 

In  conclusion,  we  have  studied  the  Hall  effect 
and  the  elastic  scattering  time  for  a  two-dimen¬ 
sional  electron  gas  scattered  by  random  magnetic 
flux  tubes  using  a  Boltzmann  equation  approach. 
Our  results  give  reasonable  agreement  with  ex¬ 
periment  for  the  suppression  of  the  Hall  effect  at 
low  electron  densities.  We  find  resonances  in 
both  the  Hall  and  diagonal  resistivities  as  a  func¬ 
tion  of  kFR  that  correspond  to  Landau  level 
energies  in  the  flux  tubes.  At  large  kFR,  the  Hall 
resistivity  takes  the  value  expected  for  a  uniform 
magnetic  field,  provided  the  number  of  flux 
quanta  contained  in  each  tube  is  integral  or  half¬ 
integral.  This  result  may  be  understood  from  a 
purely  classical  approach.  For  other  values  of  the 
flux  in  a  tube,  one  gets  deviations  from  the  classi¬ 
cal  result  even  at  large  kFR ,  due  to  the  Ahara- 
nov-Bohm  effect. 
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Abstract 

We  have  studied  a  two-dimensional  (2D)  electron  gas  in  the  presence  of  a  perpendicular  magnetic  field  spatially 
modulated  along  the  plane,  and  in  the  regime  of  strong  modulation.  This  magnetically  modulated  system  is  different 
in  several  respects  from  an  electrostatically  modulated  one.  It  is  found  that  the  modulation  period  plays  the  role  of 
controlling  the  effective  modulation  strength.  For  example,  in  a  unidirectional  modulation,  the  2D  electron  gas 
undergoes  a  crossover  of  two-  to  one-dimensional  behavior,  as  the  modulation  period  increases.  Both  single-particle 
electronic  states  and  collective  excitations  of  the  system  are  studied  in  detail.  Anticipating  the  experimental 
realization  of  such  systems,  we  focus  our  calculations  on  a  realistic  range  of  physical  parameters. 


1.  Introduction 

Recently,  two-dimensional  (2D)  electronic  sys¬ 
tems  with  external  modulations  on  the  electron 
lateral  motion  have  attracted  considerable  atten¬ 
tion  [1,2].  These  tunable  devices  are  typically 
realized  with  various  electrostatic  modulation 
methods  [1].  In  this  paper,  however,  we  study  a 
2D  electron  gas  (2DEG)  in  the  presence  of  a 
perpendicular  magnetic  field  spatially  modulated 
in  the  lateral  directions.  We  show  that  this  mag¬ 
netically  modulated  system  (MMS)  is  quite  differ¬ 
ent  from  an  electrostatically  modulated  system 
(EMS),  despite  obvious  similarities.  We  show  that 
the  modulation  period  plays  the  role  of  control¬ 
ling  the  effective  modulation  strength,  which  leads 
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to  some  interesting  properties.  We  anticipate  that 
a  realistic  MMS  is  intrinsically  in  the  strong  mod¬ 
ulation  regime  [3],  and  generalize  the  conven¬ 
tional  perturbative  treatment  [4]  to  include  inter- 
Landau  level  couplings.  Our  work  is  complemen¬ 
tary  to  the  reported  theoretical  studies  of  MMS, 
which  focus  on  the  transport  properties  in  the 
weak  modulation  limit  [5]. 

In  the  following,  we  study  MMS’s  with  either  a 
one-dimensional  (ID)  or  a  2D  lateral  modulation. 
Both  single-particle  electronic  states  and  collec¬ 
tive  excitation  spectra  are  investigated.  Conclu¬ 
sions  appear  in  the  last  section. 


2.  ID  modulation 

In  this  section,  we  study  a  2DEG  in  a  magnetic 
field  modulated  along  one  of  the  lateral  direc- 
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tions.  The  modulated  field  is  modelled  as  Bz(x ) 
=  Bq  +  Bx  sin(2'r Tx/a).  B0  and  Bx  give  the 
strength  of  the  uniform  and  modulation  fields, 
respectively.  The  modulation  introduces  two 
length  scales:  the  spatial  period  of  the  modula- 
tion  a ,  and  the  magnetic  length  /  =  yj hc/eB0 .  The 
system  can  be  characterized  by  two-dimensionless 
quantities:  p  =  a /l  and  s  =  BX/BQ.  We  are  inter¬ 
ested  in  the  regime  s  ~  1.  The  single-particle 
energy  levels  and  wavefunctions  can  be  obtained 
by  diagonalizing  the  Hamiltonian  in  the  uniform- 
field  Landau  level  basis,  typically  including  15 
Landau  levels. 

The  upper  and  middle  panels  of  Fig.  1  show 
energy  levels  and  electron  density  profiles  of  the 
MMS.  In  the  absence  of  modulation,  all  Landau 
levels  are  degenerate  and  independent  of  the 
cyclotron  center  x0~  l2ky /a.  The  degeneracy  is 
partially  lifted  by  the  modulation  and  the  energy 
becomes  x0-dependent.  When  s'  is  fixed,  such 
dependence  becomes  stronger  as  p  increases. 
This  is  because  the  modulation  terms  in  the 
Hamiltonian  are  directly  proportional  to  either  p 
or  p2.  Thus,  in  a  MMS,  p  directly  controls  the 
effective  modulation  strength,  while  in  an  EMS, 
p  plays  no  corresponding  role. 

Fig.  1  shows  that  with  a  fixed  5,  the  system 
displays  a  trend  toward  forming  an  array  of  ID 
structures,  as  p  increases.  The  ID  limit  can  be 
reached  for  p  »  1.  The  physical  reason  behind 
this  behavior  can  be  easily  understood.  The  spa¬ 
tial  spreading  of  the  electron  wavefunction  is 
governed  by  the  magnetic  length.  When  p  is 
large  enough,  the  local  magnetic  length  deter¬ 
mines  the  electron  packing  density.  The  higher 
the  local  field,  the  higher  the  local  density.  For 
an  EMS,  however,  one  finds  that  the  density 
distribution  becomes  smoother  as  p  increases, 


Fig.  1.  ID  MMS.  Upper  panel:  energy  levels  versus  the 
cyclotron  center  in  dimensionless  units,  x0  =  l2 ky /a.  s  =  1  is 
kept  fixed  for  p  =  1.6  (solid),  2.4  (dashed),  3.2  (dotted),  and  4 
(dash-dotted).  Middle  panel:  electron  density  profile  along  the 
x-axis  with  (solid)  or  without  (dash-dotted)  the  self-consistent 
potential.  Lower  panel:  collective  excitation  spectrum  for  a 
nearly  unmodulated  system  (s  =  0.01)  for  increasing  q  values 
from  0.02  (bottom  curve)  to  0.5  (top)  in  steps  of  0.02. 


since  the  potential  felt  becomes  smoother,  typi¬ 
cally.  We  have  also  considered  the  effect  of  the 
self-consistent  potential  due  to  the  nonuniform 
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electron  density  distribution,  whose  main  effect  is 
to  flatten  out  the  electron  distribution  in  compe¬ 
tition  with  the  magnetic  field  effect.  However, 
following  the  physical  reasoning  above,  we  expect 
that  when  p  »  1,  the  magnetic  field  effect  even¬ 
tually  dominates,  and  the  2D  to  ID-like  transi¬ 
tion  behavior  is  still  exhibited. 


Fig.  2.  Collective  excitation  spectra  for  various  p  in  a  ID 
MMS.  q  varies  as  in  Fig.  1. 


Next,  we  study  the  collective  excitations  of  this 
MMS.  The  density  correlation  function  DR(qx, 
q'x,  <x>)  (qy  —  0)  is  evaluated  within  the  random 
phase  approximation  (RPA)  for  simplicity  [6].  The 
lower  panel  of  Fig.  1  shows  the  excitation  spectra 
for  various  q  =  qxa/ 2ir  at  a  vanishing  5  =  0.01. 
For  each  q,  the  origin  of  the  curve  is  shifted 
upward  equally.  The  peak  structures  in  the  curve 
are  identified  as  the  characteristic  collective  exci¬ 
tations  at  those  frequencies,  and  the  height  of  the 
peak  gives  a  relative  measure  of  the  excitation 
coupling  strength  to  an  external  probe.  In  Fig.  1, 
we  recover  the  well-known  magnetoplasmons  of  a 
2DEG  in  a  uniform  magnetic  field  [7],  as  ex¬ 
pected. 

In  Fig.  2,  we  study  the  excitation  spectrum  for 
a  fixed  5  =  1,  with  p  =  2.4,  3.2  and  4.  For  small 
p  =  2.4,  the  system  is  more  2D-like,  and  so  is  its 
excitation  spectrum.  The  effectively  weak  level 
modulation  emerges  only  as  the  splitting  of 
modes,  most  apparent  at  large  q.  This  can  be 
understood  intuitively  as  resulting  from  mode¬ 
folding  into  the  first  Brillouin  zone,  \q  \  <  0.5, 
accompanied  by  a  splitting  at  the  zone  edge  ( q  — 
0.5),  as  introduced  by  the  periodic  modulation.  A 
similar  phenomenon  and  description  appear  in 
the  study  of  an  EMS  [2].  However,  in  contrast  to 
the  EMS  case,  as  p  increases,  the  effective  modu¬ 
lation  strength  increases,  thus  the  splitting  at 
q  =  0.5  becomes  larger,  and  the  folded  modes 
gain  strength.  As  p  increases  further,  the  folded 
modes  intersect  each  other,  resulting  in  a  compli¬ 
cated  redistribution  of  the  oscillator  strength 
among  all  the  modes,  even  though  the  energy 
levels  are  not  overlapping  each  other  yet. 


3.  2D  modulation 

In  this  section  we  study  a  MMS  with  the 
magnetic  field  modulated  in  both  lateral  x-  and 
y-directions.  The  field  is  assumed  to  be  Bz  =  B0 
+  (B1/2)[sin(2'irx  /  a)  +  sin(2  Try/a)].  We  use 
Landau  levels  of  a  2DEG  without  modulation  as 
the  basis  set  in  calculating  the  eigenstates,  and 
we  limit  the  magnetic  field  to  rational  flux  values, 
i.e.  <f> / 4>o  ~  np/nq >  where  np  and  are  integers, 
<f>  =  B0a2,  and  <t>{)  =  hc/e  [4].  Since  the  modula- 
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tion  can  no  longer  be  treated  as  a  perturbation 
for  s  ~  1,  we  have  generalized  the  earlier  calcula¬ 
tions  to  include  inter-Landau  level  couplings, 
which  lead  to  a  Harper  equation  in  matrix  form 
[4]  (details  will  be  shown  elsewhere).  The  system 
is  well  characterized  with  p  and  5. 

For  the  rational  field  modulation,  each  Lan¬ 
dau  level  splits  into  np  sub-levels,  and  becomes 


Fig.  3.  2D  MMS.  Upper  panel:  energy  levels  versus  p.  5  =  1, 
and  np  <  6.  Lower  panel:  electron  density  profile  for  np  =  nq 
=  1.  with  Fermi  level  at  0.6  h(Dc. 


Fig.  4.  Collective  excitation  spectra,  (a)  and  (b):  ^-depen¬ 
dence;  (c)  and  (d):  p-dependence.  np  <  3  and  1  <  p  <  4.  5  =  1 
in  all  panels. 

cyclotron  center  dependent  (Harper  broadening 
[4]).  In  Fig.  3  (upper  panel),  the  width  of  the 
lowest  three  Landau  levels  and  their  splittings, 
are  shown  for  various  p  values.  It  is  clear  that 
the  band  width  oscillates  versus  p  in  a  non¬ 
monotonic  fashion.  The  structure  of  the  energy 
spectrum  resembles  the  well-known  Hofstadter 
butterfly  [4],  but  with  marked  differences.  For 
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example,  the  energy  spectrum  is  no  longer  a 
periodic  function  of  np/nq  [4]  due  to  inter- 
Landau  level  couplings.  For  small  p  values  ( «  1), 
the  broadening  is  small,  while  for  larger  p  the 
broadening  becomes  considerable.  This  again 
shows  that  the  effective  modulation  strength  is 
controlled  by  p .  The  lower  panel  of  Fig.  3  shows 
the  electron  density  profile  for  n  =  nq  =  1,  with 
Fermi  level  at  0.6  hcoc. 

Next,  we  study  the  collective  excitation  spec¬ 
trum,  as  we  wish  to  explore  the  possibility  of 
observing  the  highly  structured  Hof st  ad  ter- type 
spectrum  of  Fig.  3.  We  will  focus  on  the  regime 
where  the  magnetic  flux  is  just  a  few  times  4>0. 
The  RPA  is  used  for  simplicity.  The  wavevector 
dependence  of  the  excitation  spectra  is  shown  in 
Figs.  4(a)  and  (b)  for  np  =  1,  nq  =  6,  s  —  1.  q  is  in 
two  different  directions:  (a)  qy  =  0,  and  (b)  qx  = 
qy.  Different  curves  correspond  to  different  qx , 
starting  with  0.05  (bottom  curve),  and  then  on 
from  0.1  to  0.5  (top)  in  steps  of  0.1.  The  origin  of 
each  curve  is  shifted,  so  the  dispersion  can  be 
seen.  Since  p  is  small,  so  is  the  effective  modula¬ 
tion  strength,  the  spectra  resemble  that  of  a 
2DEG  in  a  uniform  magnetic  field  [7].  However, 
the  spectra  are  anisotropic,  because  of  the  loss  of 
rotational  symmetry  due  to  the  modulation. 

In  Figs.  4(c)  and  (d),  the  excitation  spectra  are 
shown  for  various  magnetic  fields.  The  wavevec¬ 
tor  is  fixed:  in  (c)  qx  =  2tt /a,  qy  =  0,  and  in  (d) 
qx  =  Qy  ~  2tt/«;  s  =  1.  The  fields  (n  and  nq)  are 
chosen  such  that  np  <  3  and  1  <  p  = 
(2imp/nq)1/2  <  4.  Twenty-three  curves  are  plot¬ 
ted  in  order  of  increasing  p  from  the  bottom  of 
each  panel  upwards,  and  the  origin  of  each  curve 
is  shifted  equally  for  clarity.  The  amplitudes  of  all 
curves  have  been  rescaled  in  order  to  show  the 
structures  of  all  curves  (for  smaller  /?,  the  ampli¬ 
tude  is  smaller).  We  only  observe  single  peaks 
around  ncoc  ( n  =  1,2)  for  small  p.  As  p  increases, 
the  single  peak  develops  into  multiple-peak  struc¬ 
tures.  However,  the  number  of  peaks  does  not 
directly  correspond  to  the  number  of  levels  split 
from  one  Landau  level  by  the  modulation,  both 
because  of  transition  matrix  element  and  depolar¬ 
ization  shift  effects.  The  intra-level  contribution 
to  the  excitation  spectra  can  also  be  seen  at  low 
frequencies  (co/coc~  0.4),  but  only  for  larger  p 


values.  The  spectra  are  anisotropic,  as  expected. 
Note  that  the  zone-folding  picture  can  no  longer 
be  used  to  describe  the  field  dependence,  since  it 
predicts  that  the  modes  should  deviate  away  from 
na)c  first,  and  then  fall  back,  as  p  increases  from 
a  small  value.  This  is  not  observed. 


4.  Conclusions 

We  have  studied  a  2DEG  in  spatially  modu¬ 
lated  magnetic  fields.  It  is  found  that  the  MMS 
becomes  strongly  modulated,  when  the  modula¬ 
tion  period  becomes  several  times  larger  than  the 
magnetic  length.  In  the  ID  modulation,  the  sys¬ 
tem  shows  a  trend  to  a  dimensional  crossover. 
The  collective  excitation  spectra  also  show  strong 
modulation  effects.  In  the  2D  modulation,  we 
find  that  multiple-peak  structures  develop  either 
as  the  wavevector  increases  from  the  long  wave¬ 
length  limit,  or  as  the  magnetic  field  increases. 
Although  the  excitation  spectra  do  not  directly 
map  the  Hofstadter-type  energy  spectrum,  be¬ 
cause  of  complicated  oscillator  strength  distribu¬ 
tions,  an  interesting  and  certainly  nontrivial  spec¬ 
trum  is  found  nevertheless.  It  is  desirable  to 
implement  experimentally  the  MMS  studied  here 
and  observe  the  predicted  spectra. 
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Abstract 

We  propose  a  new  system  consisting  of  magnetic  tunneling  barriers.  A  theoretical  investigation  is  made  of 
electrons  moving  in  a  plane  tunneling  and  ballistically  through  these  magnetic  barriers.  The  differences  between  the 
usual  tunneling  problem  and  the  tunneling  through  magnetic  barriers  are  pointed  out.  A  resonant  tunneling 
structure  consisting  of  such  magnetic  tunneling  barriers  is  proposed  and  exhibits  pronounced  resonant  structure. 


1.  Introduction 

Recently,  MBE  growth  has  been  used  to  stabi¬ 
lize  thin  films  of  the  bulk  metastable  ferromag¬ 
netic  intermetallic  compound  r-MnAl  on  AlGa/ 
GaAs  heterostructures.  It  was  possible  [1]  to  ori¬ 
ent  the  easy  magnetization  direction  of  the  films 
perpendicular  to  the  substrate.  Patterning  of  the 
ferromagnetic  films  will  allow  one  to  construct 
various  magnetic  structures.  Another  possibility  is 
to  put  type-II  superconducting  gates  [2]  on  top  of 
a  heterostructure  and  to  destroy  the  supercon¬ 
ductivity  along  a  thin  narrow  line.  In  doing  so  the 
two-dimensional  electron  gas  (2DEG)  under¬ 
neath  it  will  interact  with  a  nonhomogeneous 
magnetic  field  [2-5].  In  this  paper  we  study  elec¬ 
tron  transmission  through  various  magnetic  tun- 
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neling  structures  and  investigate  the  possibility  of 
resonant  tunneling. 


2.  Formulation  of  the  problem 

We  consider  a  2DEG  in  the  (x,  y)  plane  with 
a  magnetic  field  B  directed  along  the  z-direction 
which  is  modulated  along  the  x-direction.  We 
assume  that  the  vector  potential  is  taken  in  the 
Landau  gauge  A  =  (0,  A ,  0)  and  thus  the  mag¬ 
netic  field  is  Bz  =  B(x)  =  dA(x)/dx.  Let  us  in¬ 
troduce  the  following  characteristic  parameters: 

(i)  the  frequency  coc  —  eB0/mc  with  B0  some 
typical  magnetic  field  which  later  on  will  be  taken 
equal  to  the  height  of  the  magnetic  barrier,  and 

(ii)  the  length  /B  =  yj he /eB0 .  From  now  on  we 
will  express  all  quantities  in  dimensionless  units: 
(1)  the  magnetic  field  B(x)^>B0B(x\  (2)  the 
vector  potential  A(x)  ->  B0IbA(x\  (3)  the  coor¬ 
dinate  r  — >  lBr,  (4)  the  velocity  v^lBtocv,  and 
(5)  the  energy  E  ha)cE. 
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In  these  dimensionless  units,  the  stationary 
Schrodinger  equation  describing  the  electron  tun¬ 
neling  process  becomes 

(  d2  r  d  l2  ^ 

(1) 

The  electron  motion  in  the  presence  of  a  mag¬ 
netic  field  is  inherently  a  2D  problem,  but  with 
our  choice  of  Landau  gauge  the  problem  can  be 
considerably  simplified  by  choosing  the  electron 
wavefunction  in  the  following  form,  WCx,  y)  = 
exp(i qy)if/(x),  where  q  is  the  electron  wavevector 
in  the  y-direction.  The  wavefunction  ijs(x)  satis¬ 
fies  the  ID  Schrodinger  equation 

^-[A(X)+q]2  +  2E^(x)=0,  (2) 

where  the  function 

V(x)  =  \[A(x) +q\2  (3) 

can  be  interpreted  as  a  wavevector  dependent 
electric  potential.  In  the  present  case  in  which 
the  magnetic  field  is  nonuniform  only  along  one 
direction  there  is  a  formal  analogy  between  the 
magnetic  field  and  the  electric  potential  given  by 
the  following  relation:  B(x)  =  (dV(x)/  dx)/ 
p.V(x) . 


and  finally  the  electron  transmission  probability 
through  the  barrier  is  given  by 

'<£'3)'oV'  (6) 

Here  k  ±  =  /2 (E  -  F(  +<»)")  is  the  electron 
wavevector  in  the  x-direction  on  the  left  and 
right  barrier  sides,  respectively,  and  the  symbol 
T~l  stands  for  the  inverse  matrix. 

We  also  evaluated  the  electron  current  through 
the  barrier  in  the  ballistic  regime.  Following  Ref. 
[6]  the  conductance  is  introduced  as  the  electron 
flow  averaged  over  half  the  Fermi  surface 

cr  =  j7r/2  dcj)  cos  (f>t^EF^2EF sin  </>].  (7) 

Here  <fi  is  the  angle  of  incidence  relative  to  the 
x-direction.  The  conductance  is  presented  in  units 
of  e2mvFl/h 2,  where  /  is  the  length  of  the  bar¬ 
rier  structure  in  the  y-direction. 

4.  Results  and  discussion 

We  evaluated  the  transition  probabilities  (6) 
and  the  conductance  (7)  by  integrating  numeri¬ 
cally  Eq.  (2)  and  calculating  the  T-matrix  (4).  Fig. 
1  shows  the  electron  transmission  through  a  sim¬ 
ple  magnetic  barrier  (see  inset  of  Fig.  1)  for 


3.  Method  of  solution 

The  simplest  way  to  consider  the  electron  tun¬ 
neling  problem  is  by  making  use  of  the  matrix 


(£)>  &))’  <4> 
where  the  functions  u(x)  and  Kx)  satisfy  Eq.  (2) 
and  the  boundary  conditions  u(x0)  =  1,  w'(x0)  = 
0,  y(x0)  =  0  and  u'(x0)=  1.  Matching  by  means 
of  the  T-matrix  the  wavefunction  ^_(x)  = 
A  exp(i/c„x)  +  5  exp(  —  i&„x)  on  the  left  side  of 
the  barrier  structure  with  that  on  the  right  side 
*A+(x)  =  exp(i k+x),  we  obtain 


A  =  Tn  + 


+  i  ^  T2\  k+Tn] 


1.1 


2  3  4  5  6  7  8 

Energy  (ficjoc) 


Fig.  1.  Electron  transmission  through  a  magnetic  barrier  as  a 
function  of  the  electron  energy  for  different  values  of  the 
incident  wavevector. 
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Fig.  2.  A  complex  magnetic  structure:  barrier-  and  well-like 
regions  correspond  to  opposite  directions  of  the  magnetic 
field.  We  show  the  magnetic  field  5(x),  the  vector  potential 
A(x\  and  the  potential  V(x)  for:  (1)  q  >  0,  (2)  -  d<q<  0, 
and  (3)  q  <  -  d. 

different  values  of  the  incident  wavevector.  The 
magnetic  structure  consists  of  a  barrier  B(x)  = 
0(d2/4  -x2),  where  9(x)  =  l(x  >  0),  0(x  <  0)  is 
the  step  function.  In  the  same  inset  we  show  the 
corresponding  vector  potential  A(x)  =  x6(d2/4 
- x 2)  and  the  potential  V(x)  for  the  case  when 
|  q  |  <d/2.  We  see  that  the  electron  transition 
through  the  magnetic  barrier  is  analogous  to  the 
transition  over  an  electric  potential  well.  In  Fig.  1 
we  observe  that  the  transmission  has  some  weak 
oscillations.  Only  in  the  case  of  q  =  0,  when  the 
potential  V(x)  is  symmetric  and  for  specific  val¬ 
ues  of  the  barrier  width,  has  the  transmission 
some  resonant  structure  at  low  energies  due  to 
the  presence  of  a  virtual  level  in  the  quantum 
well.  When  \q  \  >  d/2  the  potential  V(x)  has  the 
shape  of  a  step. 

Next  we  consider  the  structure  depicted  in  Fig. 
2  which  exhibits  resonant  tunneling.  The  mag¬ 
netic  structure  consists  of  the  barrier  of  Fig.  1 
immediately  followed  by  a  well  which  is  the  iden¬ 
tical  reverse  of  the  barrier.  This  basic  structure  is 
repeated  after  some  distance  L.  The  potential 
V(x)  has  different  shapes  depending  on  the  value 
of  q.  For  q  >  0  (curve  1)  it  consists  of  two  simple 
potential  barriers  while  for  q  <  0  it  is  more  com¬ 
plicated:  depending  on  the  absolute  value  of  q  it 
may  consist  of  two  quantum  wells  (curve  3)  or  of 
two  double  wells  (curve  2).  As  a  consequence, 


Fig.  3.  Transmission  coefficient  for  the  structure  of  Fig.  2  for 
different  values  of  the  electron  wavevector  q. 


dramatically  different  transmission  coefficients 
are  obtained  in  the  three  cases,  as  is  shown  in 
Fig.  3.  For  positive  ^-values  there  are  well  pro¬ 
nounced  spikes  of  resonant  tunneling,  whereas 
for  negative  ^-values  there  are  only  weak  oscilla¬ 
tions.  This  electron  transmission  anisotropy  is 
clearly  seen  in  Fig.  4  where  we  show  the  contour 
plot  of  the  electron  transmission  in  the  velocity 
component  plane  (vx  =  k_,  vy  =  q  +^4(-oo)).  No¬ 
tice  that  in  contrast  to  the  case  without  magnetic 
field,  now  the  transmission  probability  manifests 


Fig.  4.  Contour  plot  of  the  electron  transmission  probability  in 
the  (vx,  vy )  plane  for  the  structure  of  Fig.  2. 
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Fig.  5.  The  conductance  through  the  structure  of  Fig.  2.  The 
dotted  line  shows  the  conductance  calculated  classically. 


the  essential  vy  (or  q)  dependence  and,  conse¬ 
quently,  such  magnetic  structures  have  well  pro¬ 
nounced  directional  filter  properties. 

In  Fig.  5  the  current  (scaled  with  the  voltage, 
which  then  becomes  the  conductance)  through 
the  above  structure  is  shown  versus  the  Fermi 
energy.  In  spite  of  the  averaging,  the  spikes  at 
low  energy  are  still  pronounced  and  are  closer  in 
energy  with  increasing  L  as  expected  intuitively. 
For  purposes  of  comparison  we  have  also  consid¬ 
ered  a  classical  treatment  of  ballistic  transport 
through  the  above  structure.  In  this  case,  tunnel¬ 
ing  is  completely  determined  by  the  first  barrier 
and  does  not  depend  on  the  separation  L.  In  this 
case,  the  transmission  coefficient  is  either  1  (if 
-7t/2  <<p  <<pQ,  (p0  =  arcsin(l  -d/uF))  or  0  (if 
< p0<cp  <7t/2).  The  corresponding  averaged  cur¬ 
rent  is  shown  in  Fig.  5  by  the  dotted  curve. 


In  conclusion,  we  mention  some  essential  dif¬ 
ferences  between  the  usual  tunneling  and  tunnel¬ 
ing  through  magnetic  barriers:  (1)  now  the  tun¬ 
neling  process  is  inherently  two-dimensional,  (2) 
the  transmission  probability  essentially  depends 
on  the  electron  velocity  ( vy )  along  the  magnetic 
barrier  structure,  and  (3)  the  transmission  proba¬ 
bility  can  be  affected  by  the  bound  energy  levels 
in  the  magnetic  barriers. 
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Abstract 

We  calculate  the  Hall  conductivity  for  a  disordered  non-interacting  two-dimensional  electron  gas  in  a  strong 
magnetic  field  under  the  influence  of  a  periodic  potential.  We  investigate  under  which  experimental  conditions  the 
unusual  behavior  of  the  Hall  effect  in  the  system  could  be  observed. 


1.  Introduction 

In  recent  years,  advances  in  nanofabrication 
techniques  have  allowed  the  preparation  of  peri¬ 
odic  submicron  structures  in  semiconductor  het¬ 
erojunctions.  These  lateral  surface  superlattices 
[1,2]  can  take  various  forms:  the  periodic  poten¬ 
tial  can  be  one-  (ID)  or  two-dimensional  (2D), 
and  it  can  cause  a  weak  or  strong  modulation. 
For  strong  modulation  the  two-dimensional  elec¬ 
tron  gas  (2DEG)  forms  either  an  array  of  quan¬ 
tum  dots  for  attractive  potential  or  it  contains  a 
regular  array  of  scatterers  known  as  “antidots”. 
Magnetoresistance  and  Hall  effect  measurements 
on  these  systems  reveal  interesting  phenomena 

[3.4] .  In  the  samples  used,  the  period  of  the 
periodic  potential  was  typical  of  the  order  of  a 
few  hundred  nm.  In  this  regime  much  of  the 
physics  can  be  explained  by  classical  arguments 

[2.5] . 


*  Corresponding  author. 


The  spectrum  of  a  2DEG  in  a  strong  perpen¬ 
dicular  magnetic  field  and  a  weak  periodic  poten¬ 
tial  shows  a  very  rich,  self-similar  structure  known 
as  the  Hofstadter  butterfly  [6].  The  emergence  of 
subband  gaps  in  this  spectrum  leads  to  a  similarly 
intricate  structure  of  the  Hall  conductivity  as  a 
function  of  magnetic  field  and  filling  factor  [7,8]. 
Much  of  the  present  experimental  effort  is  di¬ 
rected  toward  observing  signatures  of  this  spec¬ 
trum.  However,  the  effects  of  disorder  will  close 
the  subband  gaps  associated  with  the  Hofstadter 
butterfly  and  hence  the  corresponding  features  in 
the  Hall  conductivity  will  be  smoothed  out  [9]. 

In  this  paper  we  investigate  the  influence  of  a 
disorder  potential  on  the  Hall  conductivity  of  a 
2DEG  in  a  strong  magnetic  field.  Since  we  are 
interested  in  the  observability  of  the  butterfly 
spectrum  we  will  restrict  ourselves  to  the  situa¬ 
tion  where  both  the  periodic  potential  and  the 
disorder  are  weak  compared  to  the  magnetic  field. 
Thus  we  do  not  treat  cases  like  “antidot”  arrays 
[4].  We  have  performed  numerical  calculations  to 
estimate  conditions  that  need  to  be  met  in  order 
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to  observe  signatures  of  the  Hofstadter  butterfly 
in  the  Hall  conductivity. 


2.  Calculational  method 

We  first  briefly  review  some  basic  features  of  a 
2DEG  in  a  strong  magnetic  field  and  weak  peri¬ 
odic  potential.  For  a  square  periodic  potential 
with  only  one  Fourier  component  and  the  same 
amplitude  E0  and  period  a  in  both  directions 

/  277 

+  cos  — y 

\  “ 

Each  Landau  level  splits  into  p  subbands  if  the 
number  of  unit  cells  per  flux  quantum  a  = 
<P0/a2B  =  2irl2/a2  is  a  rational  number  q/p 
[6,8]-  Each  subband  carries  the  same  number  of 
states  so  that  the  filling  factor  v  in  the  tt h  gap  is 
given  by  v  =  t/p.  The  eigenvalues  E  of  the 
Hamiltonian  H  =  (p  —  eA)2/2m  +  V(r )  are  re¬ 
lated  to  the  eigenvalues  A  of  Harper’s  equation 
[6]  by  [11] 

E  =  (n  +  l/2)ha)c  +  E0  Q~7ra/2Ln(Tra)X.  (2) 

The  Hall  conductivity  axy  in  each  gap  is  quan¬ 
tized  in  multiples  of  e2/h  as  in  the  case  of  the 
gaps  between  Landau  levels.  Its  value  a  = 
ae2/h  is  given  by  the  Diophantine  equation 

a=  v  -sa  =  (t  -sq)/p  (3) 

with  integer  s  and  a  [7].  Each  gap  is  then  uniquely 
defined  by  it’s  quantum  numbers  a  and  s. 

The  calculations  of  the  Hall  conductivity  that 
we  present  here  are  based  on  scaling  studies  of 
the  localization  length  [10].  We  calculate  the  lo¬ 
calization  length  of  long  cylinders  and  apply  a 
finite  size  scaling  analysis  to  obtain  the  critical 
energy  for  which  the  localization  length  of  the 
infinite  system  diverges  using  the  same  method 
used  previously  for  single  Landau  levels  without 
periodic  potential  [12-14].  We  use  the  periodic 
potential  given  in  Eq.  (1).  Our  calculations  of  the 
localization  length  show  that  for  weak  disorder 
each  subband  that  carries  a  non-zero  Hall  con¬ 
ductivity  contains  at  least  one  energy  with  diverg¬ 
ing  localization  length  characteristic  of  critical 
states  [10].  These  critical  states  are  separated  by 


mobility  gaps.  We  assume  that  the  Hall  conduc¬ 
tivity  in  these  gaps  can  be  calculated  from  Eq.  (3) 
as  in  the  case  of  no  disorder.  This  is  justified 
since  the  Hall  conductivity  can  only  change  from 
its  zero  disorder  value  if  a  critical  state  crosses 
the  Fermi  energy.  Thus,  as  long  as  we  observe  a 
mobility  gap  we  know  the  value  of  the  Hall  con¬ 
ductivity. 

As  the  disorder  is  increased  these  mobility 
gaps  close.  When  a  gap  has  closed,  the  Hall 
conductivity  will  no  longer  be  given  by  Eq.  (3).  In 
this  case  it  can  be  calculated  by  keeping  track  of 
the  number  of  critical  states  that  cross  the  Fermi 
energy  and  their  contribution  to  the  Hall  conduc¬ 
tivity.  For  this  we  use  the  following  argument.  Let 
us  assume  the  subband  below  the  particular  mo¬ 
bility  gap  that  just  has  closed  contributes  a1  to 
the  Hall  conductivity  and  the  subband  above  a2. 
When  the  gap  has  closed  these  subbands  will 
behave  like  one  subband  with  Hall  conductivity 
cq  +  <72.  If  <j  1  and  a 2  have  opposite  signs  this 
means  that  critical  states  with  positive  and  nega¬ 
tive  Hall  conductivity  have  “annihilated”.  The 
Hall  conductivity  of  the  combined  bands  is  then 
due  to  the  remaining  states  of  the  majority  type. 
Our  calculations  of  the  localization  length  suggest 
that  these  remaining  states  stay  at  the  same  en¬ 
ergy  that  they  had  for  very  weak  disorder.  We 
have  assumed  this  to  be  the  generic  behavior  in 
our  calculations. 

For  example,  in  the  case  a  =  3/5,  the  Hall 
conductivity  in  the  first  5  gaps  takes  on  the  values 
—  1,  1,  0,  2,  1  so  that  the  Hall  conductivity  of  the 
5  subbands  is  - 1,  2,  —  1,  2,  —  1.  The  first  sub¬ 
band  gaps  to  close  with  increasing  disorder  are 
the  gaps  between  subbands  1  and  2  and  between 
4  and  5.  If  we  keep  the  Fermi  level  fixed  between 
subbands  4  and  5  and  increase  the  disorder,  the 
critical  state  with  Hall  conductivity  - 1  in  sub¬ 
band  5  moves  through  the  Fermi  level  and  “an¬ 
nihilates”  with  a  state  from  subband  4  leaving  a 
state  with  Hall  conductivity  1  in  subband  4.  Thus 
we  know  that  the  Hall  conductivity  changes  from 
2  to  1. 

For  a  —  2/5  and  3/5  the  mobility  gaps  close 
when  the  strength  E  of  the  disorder  is  about 
twice  the  size  of  the  mobility  gap  at  low  disorder 
[10],  Here  F  is  the  width  of  the  disorder  broad- 
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ened  Landau  band  in  the  absence  of  a  periodic 
potential  [12,14].  We  assume  that  this  can  be 
applied  to  other  gaps  we  study.  Since  it  is  numeri¬ 
cally  rather  involved  to  calculate  the  actual  mobil¬ 
ity  gap  at  low  disorder  we  replace  it  in  our 
calculations  with  the  spectral  gap  at  zero  disor¬ 
der.  This  generically  overestimates  the  effect  of 
disorder.  Thus,  for  the  above  example,  the  mobil¬ 
ity  gap  is  more  than  twice  as  large  as  the  spectral 
gap.  However,  for  the  largest  gaps  in  the  Hof- 
stadter  butterfly,  the  difference  is  probably  less 
severe. 


3.  Hofstadter  butterfly  and  system  parameters 

For  a  system  with  fixed  carrier  density  /?2D  the 
parameter  a  is  proportional  to  the  filling  factor 
v  =  2 t r/c2rc2D,  a  =  v/vq  with  v0  =  n2T)a2.  vQ  can 
be  interpreted  as  the  filling  factor  at  which  one 
flux  quantum  penetrates  each  unit  cell  of  the 
lattice.  It  determines  in  which  gap  the  Fermi 
energy  is  situated  at  a  given  filling  factor.  The 
Hall  conductivity  then  depends  on  the  filling  fac¬ 
tor  via 

a=  v(l  ~s/vQ)  (4) 

with  integer  a  and  s.  The  widest  gaps  are  the 
easiest  to  observe  experimentally  since  these  are 
least  sensitive  to  disorder.  The  primary  gaps  are 
given  by  the  trajectories  a  =  v  +  m  and  a  —  1  —  v 
+  m  with  integer  m.  In  addition,  a  particular 


Hall  conductivity  is  easier  to  observe  if  the  Fermi 
level  stays  in  the  same  gap  over  a  wide  range  of 
filling  factors.  This  singles  out  the  case  a  =  v 
corresponding  to  v0  =  1  as  being  particularly  ad¬ 
vantageous.  However,  this  value  is  not  easily 
achievable  experimentally  since  it  requires  both 
very  low  carrier  density  and  very  short  period. 

For  large  values  of  vQ  that  are  more  readily 
achievable  the  Hall  conductivity  will  only  deviate 
from  the  value  in  the  absence  of  a  periodic  po¬ 
tential  for  large  filling  factors  and  over  small 
regions  of  filling  factor.  The  reason  for  this  is  that 
in  the  widest  gaps  5  takes  on  values  of  smallest 
absolute  magnitude.  The  gaps  between  Landau 
levels  at  v  =  n  are  characterized  by  s  =  0  and 
a  =  n.  For  \s  \  much  smaller  than  v0,  Eq.  (4)  has 
solutions  with  a  =  n  for  v  =  nv q/(v0  —  s ).  Thus, 
as  long  as  n  —  1/2  <v  <n  +  1/2  the  Hall  con¬ 
ductivity  will  be  the  same  whether  these  gaps  are 
open  or  not.  Only  for  sufficiently  large  n  will  this 
not  be  the  case. 


4.  Numerical  calculations 

The  Fermi  level  can  be  in  a  gap  for  rational 
values  of  a  =  q/p  and  v  —  t/p.  From  this  it  fol¬ 
lows  that  v0  has  to  be  rational,  too.  We  assumed 
the  disorder  to  be  proportional  to  the  square  root 
of  the  magnetic  field,  T  =  ro/v^ .  In  self-con¬ 
sistent  Born  approximation  (SCBA)  [15]  F0  is 


Fig.  1.  (a)  Dimensionless  Hall  conductivity  for  v0  =  1,  T0  =  0.124  meV  and  E0  =  0.1  meV  as  a  function  of  filling  factor  v.  (b)  The 
same  for  v0  =  10/11  and  T0  =  0.118  meV. 
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given  by  T0  =  y4eft3rc2D/ra*  V  >  where  m*  is  the 
effective  mass  and  fi  is  the  low  field  mobility. 

We  obtained  the  widths  of  the  spectral  gaps 
from  Eq.  (2)  and  the  spectrum  of  Harper’s  equa¬ 
tion  that  we  calculated  for  rational  a  and  denom¬ 
inators  p  up  to  50.  We  made  sure  that  in  all  cases 
the  width  of  the  Landau  bands  broadened  by 
disorder  and  periodic  potential  was  less  than  the 
Landau  level  spacing  so  that  our  single  band 
approximation  remained  valid.  We  chose  vQ  =f/g 
with  integer  /  and  g  and  calculated  the  Hall 
conductivity  in  every  possible  gap  with  denomina¬ 
tors  up  to  50  according  to  the  procedure  outlined 
above.  In  the  figures  we  plot  the  Hall  conductiv¬ 
ity  at  these  filling  factors.  The  straight  lines  con¬ 
necting  these  points  are  a  guide  to  the  eye. 

In  order  to  show  how  drastically  a  periodic 
potential  can  change  the  Hall  conductivity  we 
first  present  the  most  interesting  case  we  have 
studied,  namely  v0  =  1  for  sufficiently  low  disor¬ 
der.  The  Hall  conductivity  shown  in  Fig.  la  is 
calculated  for  a  periodic  potential  of  E0  —  0.1 
meV  and  a  disorder  strength  T0  =  0.124  meV. 
Using  SCBA  with  an  effective  mass  of  0.068m0 
for  GaAs  this  corresponds  to  a  mobility  /x  =  10 6 
cm2/V  *  s,  a  carrier  density  nm  =  2  X  1010  cm-2, 
and  a  period  a  =  70.7  nm.  The  gaps  with  zero 
Hall  conductivity  remain  open  for  most  filling 
factors  and  the  Hall  conductivity  vanishes  for 
about  70%  of  a  Landau  band. 

This  effect  is  very  sensitive  to  the  exact  value 


Fig.  2.  Dimensionless  Hall  conductivity  for  vQ  =  10,  F0  =  0.553 
meV  and  E0  =  1  meV  as  a  function  of  filling  factor  v. 


of  v0  as  can  be  seen  from  Fig.  lb  where  the  same 
parameters  as  in  Fig.  la  were  used  except  for  a 
lower  density  n2D  =  1.82  X  1010  cm-2  (v0  = 
10/11).  The  very  rich  structure  that  develops 
persists  only  over  very  short  intervals  of  filling 
factor. 

Fig.  2  shows  an  example  where  even  for  high 
values  of  r0  a  signature  of  the  Hofstadter  butter¬ 
fly  might  be  observable.  A  density  n2D  =  10 11 
cm-2  and  a  period  a  =  100  nm  leads  to  v0  =  10 
that  was  used  for  the  figure.  Due  to  the  higher 
density  a  stronger  periodic  potential  E0  =  1  meV 
can  be  used  without  overlapping  neighboring 
Landau  levels.  The  disorder  was  T0  =  0.553  meV 
corresponding  in  SCBA  to  a  mobility  of  2.5  X  10 5 
cm2/V  •  s.  The  region  where  the  filling  factor 
drops  to  1  near  v  =  1.6  has  a  width  of  0.04-0.08. 


5.  Conclusion 

In  the  above  discussion  the  effect  of  a  finite 
temperature  has  been  neglected.  The  largest  gaps 
in  the  spectrum,  e.g.  for  a  —  5 /4,  have  a  width  of 
about  0.6 E0.  For  E0  =  0.1  meV  this  corresponds 
to  a  temperature  of  0.7  K.  Thus  at  least  the 
largest  gaps  should  be  observable  at  mK  tempera¬ 
tures. 

The  clean  systems  necessary  to  observe  the 
Hofstadter  butterfly  also  show  the  fractional 
quantized  Hall  effect  (FQHE).  The  effect  of  the 
FQHE  is  weakest  for  half-integer  filling  [16]. 
However,  at  these  filling  factors  v  the  gaps  in  the 
Hofstadter  butterfly  close.  The  most  favorable 
filling  factors  to  observe  the  Hofstadter  butterfly 
in  the  presence  of  the  FQHE  thus  seems  to  be 
v  —  odd  multiples  of  1  /4,  where  the  FQHE  is 
weak  [16]  but  the  primary  gaps  in  the  butterfly 
are  strongest.  Since  the  observation  of  non-trivial 
effects  of  the  Hofstadter  butterfly  depends  on  the 
periodicity  of  the  potential  through  v0,  these 
requirements  on  v  and  v0  are  not  in  conflict. 

The  periodic  potential  used  in  these  calcula¬ 
tions  contained  only  one  Fourier  component  while 
realistic  potentials  might  contain  a  whole  Fourier 
spectrum.  The  effect  of  higher  Fourier  compo¬ 
nents  on  the  present  analysis  remains  to  be  con¬ 
sidered. 
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In  summary,  we  have  presented  calculations  of 
the  Hall  effect  in  2DEGs  under  the  influence  of  a 
strong  magnetic  field,  a  disorder  potential,  and  a 
periodic  potential.  We  have  estimated  bounds  on 
the  strength  of  the  disorder  and  the  strength  and 
period  of  the  periodic  potential. 
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Abstract 

Negative  linear  magnetoresistance  of  two-dimensional  (2D)  electrons  in  a  disordered  array  of  antidots  has  been 
found.  The  existence  in  a  magnetic  field  of  trajectories  which  roll  along  the  array  of  antidots  was  suggested.  These 
trajectories  have  a  mean  free  path  larger  than  the  average  value  for  electrons  with  ordinary  diffusion. 


Magnetic  field  decreases  electron  mean  free 
path,  therefore  the  magnetoresistance  of  semi¬ 
conductors  and  metals  is  positive.  However,  at 
low  temperature  and  weak  magnetic  field  nega¬ 
tive  magnetoresistance  has  been  observed  [1].  This 
phenomenon  has  been  explained  from  a  quantum 
standpoint.  The  crossed  electron  trajectories  in¬ 
crease  the  backscattering  probability  due  to  the 
interference  at  the  crossing  point.  Magnetic  field 
suppresses  this  interference  because  of  the 
Aharonov-Bohm  effect,  the  backscattering  prob¬ 
ability  decreases,  and  as  a  result  negative  magne¬ 
toresistance  appears  [1].  From  a  classical  stand¬ 
point  the  negative  magnetoresistance  is  a  result 
of  increase  of  electron  elastic  length  or  appear- 
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ance  of  the  carriers  with  mean  free  path  larger 
than  the  average  value.  In  Ref.  [2]  Wagenhuber 
et  al.  have  found  theoretically  that  this  probabil¬ 
ity  exists  in  a  2D  electron  gas  in  a  lateral  two-di¬ 
mensional  lattice.  At  some  value  of  lattice  poten¬ 
tial  in  a  magnetic  field  the  anomalous  diffusion  of 
electrons  arises.  This  is  characterized  by  a  linear 
increase  of  the  mean  square  displacement  of  car¬ 
riers,  < x2)1/ 2  ~  tl+a,  with  a  =  1.  It  is  responsible 
for  violation  of  the  exponential  distribution  of  a 
portion  of  particles  with  mean  free  path,  and 
thus,  electrons  with  anomalously  large  elastic 
length  appear.  However,  the  influence  of  this 
effect  on  the  electron  transport,  in  particular 
magnetoresistance,  was  not  considered. 

One  type  of  two-dimensional  lateral  superlat¬ 
tice  with  strong  repulsive  potential  is  an  array  of 
antidots  [4],  which  is  produced  in  a  2D  electron 
gas  by  holes  with  submicron  diameter  fabricated 
by  etching  or  irradiation  by  ions.  This  system  has 
attracted  attention  also  because  it  allows  various 
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arrangements  of  antidots  to  be  simulated,  square 
[3,4],  hexagonal  [5],  two-dimensional  quasicrystals 
[6],  and  disordered  [7,8]. 

In  this  work  the  magnetoresistance  of  2D  elec¬ 
trons  in  a  periodic  and  disordered  lattice  of  anti¬ 
dots  has  been  studied,  and  a  negative  magnetore¬ 
sistance  which  grows  with  degree  of  disorder  has 
been  found. 

The  test  samples  were  Hall  bridges  based  on 
GaAs/AlGaAs  heterostructures  with  a  2D  elec¬ 
tron  gas.  The  parameters  of  the  initial  het¬ 
erostructures  were  electron  density,  ns  =  5x  1011 
cm-2,  and  mobility,  ji  =  (2  -  5)  X  10 5  cm2/V  *  s. 
A  lattice  of  antidots,  produced  by  electron-beam 
lithography  and  reactive  ion  etching,  covered  a 
part  of  the  sample  between  the  potential  probes. 
The  antidot  diameter  was  0.15-0.2  /x m.  The  ef¬ 
fective  diameter,  a ,  which  consists  of  a  litho¬ 
graphic  diameter  and  a  depletion  length,  was 
0.2-0.3  jxm.  Samples  in  which  the  array  of  anti¬ 
dots  is  disordered  with  various  degrees  of  disor¬ 
der  were  made  for  the  experiments  (Fig.  1).  The 
disordering  of  the  lattice  was  accomplished  in  the 
following  way.  A  random  number  generator  de¬ 
termined  the  shift  in  the  position  of  the  antidots 
in  the  direction  of  the  neighboring  antidots.  The 
deviations  of  antidots  from  their  periodic  ar¬ 
rangement  in  the  lattice  with  period  d  =  0.7  fim 
at  the  peak  were  A  =  0.0,  0.1,  0.25,  and  0.35  /xm. 
We  also  measured  mesoscopic  samples  with  size 
4x4  fx m2,  average  periodicity  d  =  0.6  /xm,  and 
A  =  0.3  /xm.  Thus,  the  short-range  order  of  the 
system  was  violated,  but  its  long-range  order  was 
preserved. 

The  magnetoresistance  was  measured  by  the 
four-terminal  method  at  frequencies  of  70-700 
Hz  in  a  magnetic  field,  B ,  up  to  0.4  T,  and  at 
temperatures  of  1. 7-4.2  K.  Electron  scattering  by 
the  antidot  lattice  was  dominant  in  our  samples, 
from  this  the  mean  free  path,  /,  at  5  =  0  was 
found  to  be  0.4,  017,  0.21,  and  0.4  fi m  for  sam¬ 
ples  with  different  degrees  of  disorder.  We  see 
that  the  behavior  of  /  is  nonmonotonic  with  dis¬ 
order.  With  an  increase  of  A,  the  length  l  initially 
decreases,  and  increases  again.  Similar  nonmono¬ 
tonic  behavior  has  been  observed  recently  in  sam¬ 
ples  with  a  quasiperiodic  (Penrose  tiling)  lattice 
of  antidots  [6],  which  is  an  intermediate  type  of 


Fig.  1.  Magnetoresistance  dependence  on  B  for  a  sample  with 
different  degrees  of  antidot  disorder  and  for  a  periodic  lattice: 
d  =  0.7  /xm :  (1)  A  =  0.0;  (2)  A  =  0.1;  (3)  A  =  0.25;  (4)  A  =  0.35 
/xm;  T  =  4.2  K. 

array  between  periodic  and  disordered.  In  this 
case  the  length  /  initially  decreases  with  increase 
of  the  basic  triangle  size  in  the  Penrose  cell,  and 
then  increases  again.  This  behavior  has  not  been 
explained,  and  further  theoretical  analysis  of  the 
scattering  in  this  system  is  required. 

Fig.  1  shows  the  magnetoresistance  for  sam¬ 
ples  with  various  degrees  of  disorder  as  a  func¬ 
tion  of  magnetic  field.  We  see  commensurability 
oscillations  for  all  samples  when  the  cyclotron 
diameter,  RL,  is  comparable  to  the  lattice  period. 
The  oscillation  amplitude  decreases  with  increase 
of  A,  and  the  position  of  the  last  peak  shifts  to 
lower  magnetic  field  [8].  The  preservation  of 
long-range  order  in  our  sample  is  responsible  for 
oscillations  in  the  disordered  antidot  lattice.  Fig. 
1  shows  that  for  the  periodic  lattice,  the  second 
peak  maximum  is  higher  than  the  peak  maximum 
which  lies  at  lower  magnetic  field.  However,  for 
the  array  with  disorder  degree  A  =0.1  jum  their 
amplitudes  are  equal,  i.e.,  negative  magnetoresis- 
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Fig.  2.  Magnetoresistance  dependence  on  B  for  low  magnetic 
field.  (2)  /I  =  0.1;  (3)  zl  =  0.25;  (4)  A  =  0.35  Mm;  T  =  4.2  K. 

tance  (nMR)  appears,  but  it  is  not  visible  due  to 
the  oscillations.  With  increase  of  disorder  degree 
nMR  at  low  B  is  observed.  Fig.  2  shows  the  low 
field  part  of  the  nMR  for  samples  with  a  disor¬ 
dered  array  of  antidots.  We  see  that  the  magne¬ 
toresistance  is  linear  for  low  magnetic  field  and 


Fig.  3.  Magnetoresistance  of  the  mesoscopic  samples  with 
disordered  lattice  of  antidots  measured  after  different  inter¬ 
vals  of  time:  (1)  0  min,  (2)  5  min,  (3)  40  min;  d  =  0.6  /xm, 
A  =  0.3  /xm,  T  =  1.7  K. 


increases  with  increasing  disorder.  We  did  not 
find  this  magnetoresistance  to  be  temperature 
dependent  at  temperatures  1. 7-4.2  K,  which 
proves  that  this  nMR  has  a  classical  origin.  Fig.  3 
shows  the  magnetoresistance  of  a  mesoscopic 
sample  with  period  d  =  0.6  /xm  measured  after 
different  intervals  of  time.  We  also  see  linear 
negative  magnetoresistance  which  does  not  de¬ 
pend  on  the  temperature.  Against  the  back¬ 
ground  of  this  magnetoresistance,  there  are  fluc¬ 
tuations.  The  pattern  of  these  fluctuations  as  a 
function  of  B  is  changed  in  time.  We  believe, 
that  the  fluctuations  of  magnetoresistance  are 
due  to  the  interference  of  electron  trajectories 
scattered  by  the  antidot  lattice.  However,  more 
experiments  are  necessary  in  this  system.  We  also 
believe  that  linear  negative  magnetoresistance  has 
the  same  nature  as  for  macroscopic  samples.  We 
should  note  that  we  measured  all  samples  before 
the  patterning  of  antidots  and  observed  no  nega¬ 
tive  magnetoresistance  in  this  region  of  magnetic 
field. 

For  Hall  bridge  samples  pxx  =  <Txx/(crxx  +  axy), 
where  pxx  is  the  resistivity,  and  crxx ,  axy  are  the 
diagonal  and  Hall  parts  of  the  conductivity.  pxx  is 
constant  in  magnetic  field  for  one  group  of  charge 
carriers.  Thus,  the  appearance  of  negative  mag¬ 
netoresistance  at  low  magnetic  field  is  a  result  of 
an  increase  of  the  total  conductivity;  however,  the 
coexisting  Drude  contribution  decreases  the  total 
conductivity, 

<rXx  =  (ro/[1  +  (wcT)1- 

where  o)c  is  the  cyclotron  frequency,  t  is  the 
elastic  scattering  time,  and  a0  is  the  Drude  con¬ 
ductivity  at  zero  magnetic  field.  In  our  case  for 
weak  magnetic  field  the  Drude  contribution  to 
conductivity  is  small,  and  the  observed  negative 
magnetoresistance  corresponds  to  a  positive  mag¬ 
netoconductance,  Aaxx  >  0,  although  at  stronger 
magnetic  field  Aaxx  <  0.  The  Drude  conductivity 
and  (7V,,  exactly  compensate,  and  we  observe  only 

x  y 

negative  magnetoresistance. 

In  a  one-dimensional  lateral  superlattice  with 
strongly  modulated  potential,  a  positive  magne¬ 
toresistance  has  been  observed  [9,10].  It  was  ana¬ 
lyzed  from  the  classical  standpoint  and  explained 
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by  the  formation  of  open  electron  orbits,  which 
drift  in  the  crossed  external  magnetic  field  and  in 
periodic  superlattice  electric  field.  For  the  peri¬ 
odic  antidot  lattice,  as  mentioned  above,  at  low 
magnetic  field  commensurability  oscillations  have 
been  found.  With  increase  of  B ,  when  2 RL<d, 
negative  magnetoresistance  has  been  observed 
[3,4].  Increase  of  electrons  scattered  by  antidots 
and  localization  around  antidots  are  responsible 
for  this  magnetoresistance.  In  this  case  the  mag¬ 
netic  field  is  strong,  and  pxx  ~  pxy,  where  pxy  is 
the  Hall  resistivity.  Thus,  because  of  pxx  ~  pxy,  a 
decrease  in  resistivity  signifies  a  decrease  in  the 
conductivity,  i.e.  localization,  in  contrast  to  the 
weak  magnetic  field  case,  where  pxx  «  1  /<rxx. 

There  are  two  models  which  explain  commen¬ 
surability  oscillations  in  an  antidot  lattice.  The 
first  model  considers  electron  orbits  which  are 
not  scattered  by  antidots  [4].  A  portion  of  these 
orbits,  /p,  oscillates  as  a  function  of  magnetic 
field,  but  the  amplitude  of  these  oscillations  are 
too  small  to  explain  conductivity  oscillations.  In 
this  case  Fleischmann  et  al.  [11]  calculated  the 
contribution  of  the  chaotic  trajectories  which  lie 
in  the  phase  volume  near  the  regular  pinned 
orbits.  The  resultant  conductivity  is  [11] 

<T“(1_/p)/df  e~'/T<^(0^(0)>, 

where  (v/OvjiO))  is  the  velocity  correlation  func¬ 
tion.  Fleischmann  et  al.  have  found,  that  the 
main  contribution  to  the  conductivity  is  deter¬ 
mined  by  chaotic  orbits,  which  are  localized 
around  antidot  groups.  The  other  model  also 
considered  the  electron  motion  in  the  antidot 
lattice  from  the  standpoint  of  dynamical  chaos 
theory  [12].  But  in  this  model  stable  trajectories 
which  roll  along  the  lattice  row  have  been  found. 
These  trajectories,  in  contrast  to  localized  orbits 
considered  in  the  first  model,  increase  the  total 
conductivity.  However,  as  in  the  first  model,  the 
contribution  of  these  trajectories  to  conductivity 
is  not  sufficient  to  explain  the  oscillation  ampli¬ 
tudes.  Therefore,  nearby  chaotic  trajectories  with 
the  same  dynamics  should  be  included  in  the 
electron  diffusion  coefficient  calculation.  The 
runaway  trajectories  contribution  to  conductance 


can  be  found  from  the  theory  for  resistance  of 
point  contacts  [12], 

2e2  d  —  a  L  2S 

a=  ~rk* - 

h  77  d  TT 

where  S  is  the  fraction  of  phase  space  which  is 
filled  by  runaway  trajectories,  L  is  the  length  of 
the  sample,  or  L  =  /,  and  kF  is  the  electron  wave 
vector.  The  diffusion  coefficient  for  quasi-runa¬ 
way  trajectories  was  calculated  through  numerical 
simulation.  Thus,  one  model  analyzes  “islands  of 
pinned  trajectories”  and  a  nearby  sea  of  chaotic 
orbits  with  the  same  dynamics  [11],  and  the  other 
one  considers  “islands  of  runaway  trajectories” 
surrounded  by  a  sea  of  electron  orbits  with 
anomalous  diffusion  [12].  Agreement  of  theory 
with  experiment  without  adjustable  parameters 
has  been  obtained  in  Ref.  [11];  therefore,  the 
contribution  of  chaotic  orbits  to  conductivity  is 
dominant.  The  existence  of  commensurability  os¬ 
cillations  in  the  disordered  antidot  lattice  (Fig.  1), 
as  indicated  above,  gives  evidence  of  the  stability 
of  pinned  electron  trajectories  when  short-range 
order  is  violated.  The  reason  can  be  connected  to 
the  fact  that  the  chaotic  orbits  are  localized  within 
several  superlattice  periods.  In  mesoscopic  sam¬ 
ples  we  observe  no  commensurability  oscillations 
(Fig.  3).  Therefore,  more  than  4  periods  are  nec¬ 
essary  for  these  oscillations.  In  a  disordered  anti¬ 
dot  array  some  long-range  order  is  preserved, 
therefore  these  orbits  are  not  destroyed  in  con¬ 
trast  to  the  regular  trajectories  which  are  deter¬ 
mined  by  short-range  order.  It  should  be  noted, 
that  the  runaway  trajectories  considered  in  model 
[12]  have  a  diffusion  coefficient  divergence,  since 
the  relation  <*(/)>  >  t  holds  for  these  electrons. 
Similar  trajectories  with  anomalous  diffusion  have 
been  predicted  in  a  superlattice  with  weak  peri¬ 
odic  potential  [2].  These  orbits  appear  in  weak 
magnetic  field.  For  the  antidot  array  the  same 
situation  occurs  if  d/a^l;  however,  at  finite 
magnetic  field  the  portion  of  runaway  trajectories 
should  oscillate  as  a  function  of  B .  For  the  sam¬ 
ples  investigated  in  our  work,  the  ratio  d/a  =  3.5, 
and  trajectories  with  anomalous  diffusion  at  low 
magnetic  field  are  not  prevented  by  shadowing 
antidots  in  the  next  rows.  The  situation  is  differ- 
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ent  for  a  disordered  antidot  lattice.  In  this  case 
runaway  trajectories  could  appear  not  only  for 
commensurability  conditions,  as  in  the  periodic 
system,  but  at  any  magnetic  field.  Two  reasons 
are  responsible  for  the  existence  of  anomalous 
diffusion  trajectories,  correlation  of  the  electron 
cyclotron  radius,  and  distance  between  antidots 
in  any  magnetic  field  because  of  disorder  and 
accidental  absence  of  shadowing  of  these  orbits. 
Thus,  the  negative  magnetoresistance  observed  in 
the  disordered  antidot  lattice  could  be  due  to  the 
existence  of  trajectories  with  anomalous  diffusion 
in  the  magnetic  field.  Also  the  probability  of 
appearance  of  these  orbits  increases  with  disor¬ 
der  increase,  and  growth  of  the  magnetoresis¬ 
tance  value  is  expected,  as  observed  in  experi¬ 
ments  (Fig.  2).  The  runaway  trajectory  is  analo¬ 
gous  to  the  edge  states  in  classically  strong  mag¬ 
netic  field  [13].  The  conductance  of  these  trajec¬ 
tories  can  be  written  in  the  form 

a  =  e2N/h , 
where 

N~JcfRl/2 ; 

thus  <j~B~ l;  however,  conductivity  decreases 
with  B.  Recently,  linear  magnetoresistance  in  a 
quantum  point  contact  has  been  observed,  which 
was  negative  due  to  a  difference  in  the  value  of 
the  edge  current  inside  and  Hall  current  outside 
of  the  contact  [14].  Our  situation  is  similar,  how¬ 
ever,  the  difference  between  Hall  and  diagonal 
components  of  anomalous  currents  is  not  clear. 

In  summary,  the  samples  with  disordered  anti¬ 
dot  lattice,  in  contrast  to  the  periodic  array,  have 
revealed  linear  negative  magnetoresistance  which 
is  temperature  independent.  Against  the  magne¬ 
toresistance  background  commensurability  oscil¬ 
lations,  which  are  due  to  chaotic  orbit  localiza¬ 
tion,  have  been  found.  We  believe  that  the  trajec¬ 
tories  which  roll  along  rows  of  the  lattice  and 
pinned  orbits  remain  stable  when  the  short-range 
lattice  order  is  violated.  The  small  ratio  d/a  is 
responsible  for  this  stability.  Further  antidot  lat¬ 


tice  experimental  work  with  larger  d /a  ratios  and 
theoretical  analysis  of  the  transition  from  order 
to  disorder  are  required. 

This  work  is  supported  by  CNPq  and  FAPESP 
(Brazil). 
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Abstract 

A  pair  of  Quantum  Point  Contacts  separated  by  a  continuous  barrier  have  been  fabricated  using  the  surface  gate 
technique.  Transport  measurements  for  each  component  of  this  system  and  for  various  combinations  have  shown 
both  additive  and  non-additive  behaviour.  The  results  are  explained  by  a  combination  of  reflection  by  the  barrier  of 
electrons  collimated  by  the  Quantum  Point  Contacts  and  transport  by  diffusion  across  the  barrier. 

When  ballistic  electrons  in  a  2D  electron  gas 
(2DEG)  are  controlled  by  surface  gates  two  well- 
established  phenomena  are  the  collimation  of 
electrons  leaving  a  Quantum  Point  Contact  (QPC) 
and  the  refraction  of  electrons  under  partially 
depleted  gates  [1].  We  have  investigated  a  struc¬ 
ture  involving  two  QPCs  separated  by  a  continu¬ 
ous  gate  to  study  the  interaction  between  these 
two  effects.  The  structures  were  fabricated  on 
two  sets  of  2DEG  material  with  densities  (after 
illumination)  of  about  3.6  X  10n/cm2.  The  mo¬ 
bilities  for  the  two  samples  were  approximately 
0.45  and  0.39  X  106  cm2/V  •  s,  significantly  lower 
than  values  measured  in  bulk  material  before 
fabrication.  Surface  gates,  of  evaporated  Ti/Pt, 
were  defined  using  e-beam  lithography  in  PMMA 
with  the  dimensions  shown  in  Fig.  1,  Four  termi- 
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nal  resistance  measurements  were  made  at  1.2  K, 
across  the  gated  region  of  the  Hall  Bar,  using 
low-frequency  AC  techniques  with  typical  mea¬ 
suring  currents  of  200  nA.  It  was  generally  ob¬ 
served  that  the  quantised  steps  were  not  as  well 
defined  as  in  similar  devices  without  a  central 
gate  and  for  the  central  gate  the  steps  (measured 
in  a  magnetic  field)  appeared  at  resistance  values 
that  were  typically  20  to  50%  too  low.  Measure¬ 
ments  were  made  after  the  sample  had  been 
illuminated.  This  implies  electron  densities  un¬ 
derneath  the  gates  that  are  smaller  than  in  the 


Fig.  1.  Lithographic  dimensions  of  the  gates  used  to  define 
the  two  QPCs  and  continuous  centre  gate. 
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bulk.  It  was  found  that  applying  modest  positive 
voltages  to  nominally  unactivated  gates  had  the 
effect  of  improving  the  homogeneity  (as  indicated 
by  the  low-field  Shubnikov-de  Haas  oscillations) 
and  also  tended  to  improve  the  quality  of  conduc¬ 
tance  steps  for  other  (activated)  gates. 

Figure  2  shows  the  four-terminal  resistance  of 
the  device  with  a  small  positive  voltage  on  the 
central  gate.  Each  QPC  separately  shows  the 
characteristic  negative  magnetoresistance  associ¬ 
ated  with  magnetic  depopulation  of  the  Landau 
levels  in  the  bulk  2DEG.  With  both  QPCs  formed 
the  high-field  magnetoresistance  (above  about 
0.15  tesla)  is  just  the  sum  of  the  effects  of  the 
separate  QPCs  (with  the  appropriate  correction 
for  double  counting  of  the  bulk  contribution)  but 
at  the  lower  fields  there  is  a  dip  and  small  central 
peak.  The  dip  is  attributed  to  the  well-known 
effect  [2,3]  of  collimated  electrons  propagating 
ballistically  through  both  QPCs.  The  extra  peak  is 
a  new  effect  although  hints  of  such  a  peak  can 
sometimes  be  seen  in  other  published  data  [4]. 
The  exact  size  and  shape  of  this  small  peak  was 
not  highly  reproducible  and  seemed  to  depend  on 
the  history  of  voltages  applied  to  the  various 
gates. 

Figure  3  shows  the  effect  of  applying  negative 
voltages  to  the  central  gate.  Initially  the  dip  at¬ 
tributed  to  collimation  and  the  extra  peak  are 


Field  (tesla) 


Fig.  2.  Magnetoresistance  curves  in  the  first  sample  without  a 
barrier  between  the  two  QPCs. 


Fig.  3.  Effect  of  activating  the  centre  gate  in  the  first  sample 
with  (solid  curves)  and  without  (dotted  curves)  the  QPCs 
formed. 


suppressed  followed  by  a  general  rise  in  resis¬ 
tance  of  the  device  and  then  the  evolution  of  a 
larger  and  wider  central  peak.  The  most  negative 
voltage  shown  (  —  0.17  V)  corresponds  to  an  elec¬ 
tron  density  underneath  the  central  gate  about 
20%  of  the  bulk  value.  At  low  magnetic  fields  the 
resistance  due  to  the  centre  gate  is  highly  nonad¬ 
ditive.  For  example  the  extra  resistance  of  the 
gate  by  itself  is  about  50  ohms  but  with  the  QPCs 
formed  it  adds  a  resistance  of  about  4000  ohms. 
In  the  second  sample  (see  Fig.  4)  the  dip  due  to 
collimation,  which  should  appear  with  a  positive 
voltage  on  the  centre  gate,  and  the  associated 
small  peak,  are  much  less  well-defined.  With  the 
central  gate  activated  the  general  rise  in  resis¬ 
tance  is  also  less  pronounced  but  the  broad  peak 
appears  very  clearly.  In  both  samples  the  broad 
peak  appears  with  either  or  both  QPCs  activated 
and  in  the  second  sample  there  is  little  evidence 
of  any  interaction  between  the  two  QPCs.  In  this 
case  the  resistances  of  the  QPCs  (with  the  centre 
gate  activated  but  held  constant)  are  additive. 
This  is  illustrated  explicitly  in  Fig.  4  where  the 
dotted  curves,  which  show  the  sum  of  the  magne¬ 
toresistances  of  the  first  QPC  with  the  centre 
gate  and  the  second  QPC  with  the  centre  gate, 
are  in  good  agreement  with  the  total  resistance 
for  both  QPCs. 
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Fig.  4.  Magnetoresistance  curves  for  sample  2.  Dotted  curves 
show  the  sum  of  the  resistances  for  each  QPC  separately. 


The  most  important  features  of  these  results 
are:  (1)  the  general  increase  in  resistance  which 
seems  to  vary  from  sample  to  sample;  (2)  the 
broad  peak  which  always  appears  when  the  cen¬ 
tral  barrier  is  well  established  and  (3)  the  small 
‘blip’  which  seems  to  be  associated  in  some  way 
with  ballistic  propagation  through  the  two  QPCs, 
which  is  not  always  well  defined,  and  which  is 
suppressed  by  activation  of  the  centre  gate. 

For  a  single  QPC  the  negative  magnetoresis¬ 
tance  is,  within  the  Landauer-Biittiker  formalism 
[5],  given  by  the  number  of  occupied  subbands  in 
the  QPC  (Nqfc)  and  in  the  bulk  (Abulk)  [3].  For 
moderate  magnetic  fields  AQPC  is  independent  of 
field  and  Abulk  is  the  number  of  Landau  levels  so 
the  four-terminal  longitudinal  resistance  of  a 
QPC,  (h/2e2)(l/NQFC  -  1/Abulk),  has  a  negative 
slope  equal  to  the  Hall  slope.  If  the  total  resis¬ 
tance  for  two  QPCs  is  just  the  sum  of  two  terms 
of  this  form  then  this  implies  complete  suppres¬ 
sion  of  any  ballistic  transport  between  the  QPCs 
as  is,  indeed,  observed  experimentally  under  some 
conditions  (cf  Fig.  2).  For  a  continuous  gate  there 
is  a  slightly  different  behaviour.  For  fields  above 
about  0.25  tesla,  when  the  cyclotron  diameter  is 
less  than  the  width  of  the  gate,  the  2DEG  be¬ 


neath  the  gate  will  behave  like  'bulk’  material  of 
reduced  density  with  the  number  of  Landau  lev¬ 
els,  smaller  than  Abulk.  The  appropriate 

term  (^/2c2Xl/Agate  -  1/Abulk)  will  then  give 
rise  to  a  positive  magnetoresistance.  In  practice 
this  may  be  suppressed  by  parasitic  conduction 
across  the  gate.  At  lower  fields,  when  the  cy¬ 
clotron  diameter  is  larger  than  the  gate  width,  the 
resistance  will  increase  with  increasing  barrier 
height  with  a  complicated  magnetic  field  depen¬ 
dence.  Experience  with  broad  isolated  gates  sug¬ 
gests  that  it  starts  approximately  independent  of 
field  followed  by  the  transition  to  the  linear, 
high-field  slope  [6,7].  The  behaviour  seen  in  Fig. 
3  is  generally  consistent  with  this  picture.  In  the 
second  sample  (Fig.  4)  the  overall  background 
rise  in  resistance  appears  only  for  the  most  nega¬ 
tive  voltages  on  the  centre  gate.  With  —0.3  V  on 
the  centre  gate  the  measured  resistance  for  both 
QPCs  is  quite  accurately  given  by  the  sum  of  the 
separate  contributions  from  each  QPC.  In  this 
case  it  seems  that  strong  scattering  within  the 
gate  region  produces  almost  complete  equilibra¬ 
tion  between  the  two  reservoirs,  shown  schemati¬ 
cally  in  Fig.  5  as  /jl1  and  /x2,  between  the  QPCs 
and  the  centre  barrier.  By  contrast  in  the  first 
sample  the  background  rise  is  nonadditive  imply¬ 
ing  the  persistences  of  some  form  of  coherent 
transport  across  the  centre  gate  which,  in  this 
sample  at  least,  is  not  suppressed  by  a  magnetic 
field. 

The  broad  central  peak,  which  appears  when 
the  barrier  is  formed,  is  the  most  robust  feature 
in  the  data.  In  both  samples  the  contributions 
from  the  separate  QPCs  are  additive,  i.e. 

R(Q  PCI  +  Barrier)  +i?(QPC2  +  Barrier) 

-  R(  QPC1  +  QPC2  +  Barrier) 
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Fig.  5.  Schematic  representation  of  reservoirs  with  different 
gate  configurations. 
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but  the  effect  of  the  central  barrier  on  one  or 
both  of  the  QPCs  is  highly  nonadditive: 

R(QFC1  +  Barrier)  >  R(QFC1)  +  ^(Barrier) . 

The  peak  appears  when  the  density  of  elec¬ 
trons  under  the  centre  gate  is  of  order  50%  or 
less  of  that  in  the  bulk,  i.e.  when  the  barrier  is 
large  and  provides  a  significant  probability  of 
reflection.  It  is  attributed  to  ballistic  reflection  of 
electrons,  by  the  barrier,  back  through  the  QPC 
producing  a  nonadditive  increase  in  the  resis¬ 
tance.  Application  of  a  magnetic  field  deflects  the 
back-reflected  electrons  away  from  the  QPC  and 
suppresses  the  resistance  increase.  This  is  the 
converse  of  the  situation  for  two  QPCs  alone 
where  deflection  of  the  collimated  beam  by  a 
magnetic  field  reduces  the  transmission  and  in¬ 
creases  the  resistance.  The  width  of  the  peak 
should  be  given  by  the  magnetic  field  at  which 
the  cyclotron  radius  is  equal  to  the  spacing  be¬ 
tween  the  QPC  and  the  centre  gate.  When  al¬ 
lowance  is  made  for  depletion  this  is  approxi¬ 
mately  0.65  jam,  corresponding  to  a  field  of  about 
0.14  tesla,  which  is  in  good  agreement  with  the 
experimentally  observed  width.  The  additivity  of 
the  contributions  from  two  QPCs  follows  natu¬ 
rally  from  this  explanation.  With  the  barrier  in 
place  there  is  strong  equilibration  within  each  of 
two  reservoirs  jil  and  fx2  (see  Fig.  5)  and  sup¬ 
pression  of  ballistic  propagation  through  both 
QPCs.  This  suppression  is  made  complete  by 
magnetic  fields  strong  enough  that  the  electrons 
are  confined  to  skipping  orbits  along  the  edges  of 
the  gates  defining  the  QPCs. 

The  smaller,  central,  'blip’  is  less  well-under¬ 
stood.  It  is  tentatively  attributed  to  an  interplay 
between  diffusive  and  ballistic  transport.  Al¬ 
though  most  obvious  under  conditions  of  colli¬ 
mated  ballistic  transport  through  two  QPCs  a 
similar  blip,  with  the  same  width  but  smaller 
amplitude,  can  also  be  seen  in  the  'bulk’  term 
(Fig.  2).  Extensive  measurements  [7]  have  estab¬ 
lished  that  it  is  a  property  of  a  bulk  2DEG  and 
appears  even  in  Hall  bars  with  no  gates  provided 
there  is  some  inhomogeneity  in  the  system.  Inho¬ 
mogeneity  is  always  likely  to  be  present  in  gated 
samples  that  have  been  illuminated  because  of 
shadowing  by  the  surface  gates.  In  an  inhomoge¬ 


neous  sample  the  current  distribution  in  the  low 
field  regime,  i.e.  \xB  <  <  1  (where  fi  is  the  mobil¬ 
ity),  will  be  determined  by  the  path  of  maximum 
conductivity.  In  the  high-field  regime  (fiB  >  >  1), 
by  contrast,  the  current  associated  with  the  Hall 
term  (cryv)  dominates  and  the  current  path  will  be 
determined  by  a  local  Hall  resistance,  i.e.  by 
density  variations.  The  blip  is  associated  with  the 
change  in  current  distribution  that  accompanies 
the  transition  from  low  field  to  high  field  which 
occurs  when  fiB  —  1.  Experiments  in  several  sam¬ 
ples  and  as  a  function  of  illumination,  confirm 
that  the  width  of  the  blip  is,  indeed,  given  by  this 
expression.  Furthermore,  the  width  is  found  to  be 
insensitive  to  temperature  up  to  about  7  K,  i.e. 
over  the  temperature  range  for  which  fi  does  not 
change.  This  insensitivity  to  temperature  also 
eliminates  weak  localisation  as  the  origin  of  the 
blip. 

If  the  blip  is  attributed  to  the  low-field/ high- 
field  transition  in  the  presence  of  inhomo¬ 
geneities  it  is  still  necessary  to  explain  why  it  is  so 
amplified  in  the  QPC/ barrier/ QPC  structure. 
Within  the  Landauer-Biittiker  formalism  ballistic 
transport  through  a  QPC  is  described  in  terms  of 
a  set  of  transmission  and  reflection  coefficients 
connecting  reservoirs  in  which  equilibration  oc¬ 
curs.  The  reservoirs  are  usually  identified  with 
the  contacts  and  diffusive  transport  in  the  bulk 
2DEG  connecting  the  QPC  to  the  contacts  is 
ignored.  More  generally,  and  particularly  in  the 
low-field  regime,  the  reservoirs  might  better  be 
identified  with  regions  of  bulk  2DEG  material,  of 
order  a  few  mean  free  paths  from  the  QPC, 
within  which  the  energy  of  the  electrons  is  equili¬ 
brated  by  diffusive  transport. 

In  zero  magnetic  field  the  extra  resistance 
produced  by  a  continuous  gate  can  be  described 
purely  in  terms  of  classical  diffusive  transport. 
For  the  samples  considered  here  this  resistance  is 
typically  50  ohms  and  the  resistivity  of  the  bulk 
2DEG  is  ~  50  ohms /  □  so  the  spatial  extent  of 
the  perturbation  produced  by  the  gate  is  of  order 
the  width  of  the  Hall  bar  (30  |xm).  If  the  reser¬ 
voirs  determining  ballistic  transport  through  a 
QPC  are  the  regions  of  2DEG  several  mean  free 
paths  away,  say  10  or  20  jjum,  then  the  introduc¬ 
tion,  as  close  as  1  jxm  to  the  QPC,  of  a  large 
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perturbation  in  the  current  distribution  of  the 
bulk  2DEG  would  be  expected  to  significantly 
change  the  effective  chemical  potential  of  the 
reservoirs  and  the  way  they  couple  to  the  QPC. 
The  transition  from  low  field  to  high  field  will 
similarly  affect  ballistic  transport  through  the 
QPCs  and  this  is  reflected  in  an  amplified  version 
of  the  blip. 

Generally  the  two  samples  behave  somewhat 
differently  at  low  magnetic  fields.  In  the  second 
sample  not  only  was  collimation  between  the  two 
QPCs  difficult  to  observe  but  also  the  continuous 
gate  seemed  more  efficient  at  producing  additive 
behaviour.  This  is  attributed  to  inhomogeneities 
associated  within  the  gates  of  the  second  sample 
resulting  in  predominantly  random  scattering 
rather  than  coherent  refraction  under  the  contin¬ 
uous  gate.  This  is  likely  the  result  of  differences 
in  the  fabrication  process  (the  gate  sensitivities 
were  somewhat  different  in  the  two  cases)  and,  in 
this  context,  it  is  interesting  to  note  that  though 
the  second  sample  started  with  material  having  a 
higher  mobility  it  actually  ended  up,  after  pro¬ 
cessing,  with  a  lower  mobility. 

In  summary,  experiments  on  a  system  of  two 
QPCs  separated  by  a  continuous  gate  have  shown 


simultaneously  ballistic  backscattering  by  the  bar¬ 
rier  and  diffusive  transport  across  the  barrier.  To 
explain  some  of  the  results  it  is  assumed,  in  the 
low-field  regime,  that  the  reservoirs  involved  in 
ballistic  transport  through  the  QPCS  are  situated 
not  in  the  contacts  but  in  the  bulk  2DEG,  and 
that  they  are  affected  by  inhomogeneities  in  the 
system. 
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Abstract 

We  have  observed  a  new  phenomenon  of  charge  oscillations  in  small  isolated  edge  states  in  the  quantum  Hall 
regime.  We  have  developed  a  unique  method  of  contacting  an  isolated  metal  dot  independently  of  the  other  gates, 
using  a  patterned  layer  of  insulator.  Using  this  technique  we  have  made  two  individually  tunable  ballistic  channels  in 
parallel.  In  a  perpendicular  magnetic  field  edge  states  form  a  ring  around  the  dot,  with  a  variable  constriction  on 
either  side  across  which  they  can  communicate.  Electrons  orbiting  around  the  ring  interfere  with  themselves,  and  a 
series  of  single  particle  (SP)  states  forms.  By  fine-tuning  the  individual  constriction  widths  we  can  generate  huge 
Aharonov-Bohm  (AB)  oscillations,  and  extremely  well  defined  oscillations.  In  addition,  in  certain  field  ranges,  we 
observe  a  very  clear  double  AB  frequency,  at  times  completely  losing  a  distinguishable  fundamental  frequency.  We 
propose  that  the  discreteness  of  the  SP  states  gives  rise  to  a  charging  effect,  which  modifies  the  tunnelling  of  the 
outermost  edge  state  through  the  device,  and  also  acts  to  evenly  intersperse  the  energy  levels  of  all  the  edge  states 
encircling  the  dot. 


The  technique  of  using  electron-beam  lithog¬ 
raphy  to  pattern  sub-micron  metal  Schottky  gates 
on  the  surface  of  a  GaAs-AJGaAs  heterostruc¬ 
ture,  containing  a  high-mobility  two-dimensional 
electron  gas  (2DEG),  has  become  widely  used 
since  its  conception  in  1986  [1].  By  applying  a 
negative  bias  to  the  gates,  the  2DEG  beneath  is 
depopulated,  and  so  may  be  confined  to  a  variety 
of  patterns.  Using  a  dot  gate  connected  to  the 
surrounding  metallisation  by  a  metal  bridge  over 
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an  insulating  layer,  both  Aharonov-Bohm  rings 
[2],  and  two  ballistic  channels  in  parallel  [3]  have 
been  fabricated.  A  later  etching  technique  intro¬ 
duced  an  independent,  but  uncontrollable,  dot 

[4]. 

In  this  new  work,  we  have  used  a  layer  of 
insulator  to  separate  a  second  metallisation  layer 
contacting  a  dot  gate  from  the  surrounding  pat¬ 
tern.  We  have  reproduced  the  early  design  of 
three  Schottky  gates  defining  two  ballistic  chan¬ 
nels  in  parallel,  see  inset  Fig.  1,  but  with  inde¬ 
pendent  control  over  all  three  gates.  The  materi¬ 
als  used  had  mobilities  between  100  and  200 
m2/V  •  s,  and  carrier  concentrations  between  2 
and  4  X  10 15  m-2.  The  experiments  were  per- 


0039-6028/94/$07.00  ©  1994  Elsevier  Science  B.V.  All  rights  reserved 
SSDI  0039-6028(93)E0599-P 


454 


P.J.  Simpson  et  al.  /  Surf  ace  Science  305  (1994)  453-459 


B(T) 


Fig.  1.  A  phase  change  in  the  Aharonov-Bohm  oscillations 
that  occurs  when  an  edge  state  that  is  mostly  transmitted 
(upper  inset)  becomes  mostly  reflected  (lower  inset). 


formed  on  a  dilution  refrigerator  at  temperatures 
<  100  mK,  using  standard  phase-sensitive  mea¬ 
surements  at  voltages  sufficiently  low  to  avoid 
electron  heating.  Either  the  two-terminal  conduc¬ 
tance  or  the  four-terminal  resistance  was  mea¬ 
sured.  In  the  first  case  a  small  magnetic  field 
dependent  correction  for  the  series  resistance 
was  later  subtracted;  in  the  second  case  the  Hall 
resistance  measured  close  to  the  device  was  sub¬ 
sequently  added.  Both  methods  allow  the  true 
number  of  edge  states  propagating  through  the 
device  to  be  determined. 

In  a  perpendicular  magnetic  field  greater  than 
about  0.2  T,  electrons  in  the  2DEG  condense  into 
Landau  levels.  Current  is  carried  in  a  set  of 
parallel  edge  states  around  the  sides  of  the  Hall 
bar,  as  the  electrons  become  confined  to  the 
edges  of  the  sample  by  the  Lorentz  force.  If  the 
Fermi  energy  EF  lies  between  Landau  levels, 
there  is  no  electron  scattering  across  the  sample, 
and  no  voltage  drop  along  an  edge.  By  placing  a 
semi-transparent  barrier  across  the  Hall  bar,  edge 
states  can  be  reflected  to  the  opposite  side,  giving 
resistance  plateaux-like  the  quantised  Hall 
plateaux. 


In  our  case,  the  encircling  edge  states  form  a 
ring  around  the  dot,  with  a  path  length  so  small 
(a  few  microns)  that  it  is  less  than  the  phase 
coherence  length  at  the  temperatures  used  in  the 
experiment.  The  phase  accumulated  around  the 
ring  depends  not  only  on  the  path  length,  but  also 
on  an  additional  contribution  from  the 
Aharonov-Bohm  (AB)  effect.  Each  time  the  flux 
enclosed  by  the  ring  changes  by  one  flux  quan¬ 
tum,  h /e,  there  is  a  change  in  phase  around  the 
ring  of  277.  Hence  there  is  a  set  of  allowed  SP 
states,  each  corresponding  to  a  phase  change  of 
an  integer  multiple  of  277  around  the  ring.  These 
states  all  lie  within  Landau  levels,  which  rise  in 
energy  as  they  approach  the  edge  of  the  deple¬ 
tion  region  formed  by  the  dot.  Hence  states  en¬ 
closing  less  area  have  higher  energy,  and  thus 
shorter  wavelengths.  For  a  given  applied  field, 
the  difference  in  radii  between  consecutive  SP 
states  is  dependent  on  the  amount  of  flux  en¬ 
closed,  the  path  length,  and  the  wavelength. 

A  given  edge  state  can  be  either  mostly  trans¬ 
mitted,  or  mostly  reflected  from  the  constrictions 
formed  (see  insets,  Fig.  1,  where  the  lines  indi¬ 
cate  the  possible  paths  of  the  edge  states).  This 
influences  the  phase  of  the  AB  oscillations.  If  an 
edge  state  is  mostly  transmitted  (Fig.  li)  with 
backscattering  arising  from  tunnelling  across  the 
constrictions,  then  the  degree  of  scattering  across 
the  device  will  increase  when  there  is  an  SP  state 
around  the  dot.  Thus  the  device  resistance  in¬ 
creases.  If  an  edge  state  is  mostly  reflected  (Fig. 
lii)  then  an  allowed  SP  state  around  the  ring 
corresponds  to  an  increase  in  transmission  of  that 
edge  state  through  the  constrictions,  and  causes  a 
decrease  in  resistance.  Therefore  when  an  edge 
state  responsible  for  AB  becomes  more  reflected 
than  transmitted,  a  phase  change  of  tt  occurs  in 
the  oscillations.  Fig.  1  shows  a  region  in  which 
such  a  phase  change  is  observed.  We  have  also 
seen  phase  changes  of  tt  in  the  space  of  a  single 
oscillation.  Perfect  symmetry  between  the  chan¬ 
nels  is  not  necessary  for  this  to  occur,  since  it  is 
always  the  wider  constriction  which  controls  the 
backscattering.  The  period  of  the  oscillation  is 
approximately  15  mT,  which  corresponds  to 
adding  h/e  of  flux  to  a  ring  of  radius  0.3  fim, 
which  implies  a  depletion  width  of  0.15  fim 
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Fig.  2.  An  example  of  spiked  Aharonov-Bohm  oscillations. 
Around  B  =  2.2  T,  the  ordinary  single  frequency  oscillations 
are  seen;  the  inset  shows  the  Fourier  transform  of  the  data. 
The  six  peaks  indicate  that  electrons  make  several  orbits 
around  the  dot  before  phase  coherence  is  lost.  Spiked  double 
frequency  is  seen  above  2.6  T. 

around  a  dot  of  lithographic  radius  0.15  The 
lithographic  constriction  width  between  the  dot 
and  each  arm  is  0.45  gm. 

If  an  electron  orbits  around  the  ring  more  than 
once,  then  it  will  enclose  additional  flux  in  pro¬ 


Fig.  3.  Aharonov-Bohm  oscillations  close  to  pinch-off.  Very 
fine  tuning  of  the  device  was  required  to  obtain  these  large 
oscillations;  the  peak  to  valley  ratio  can  be  in  excess  of  20:1. 


portion  to  the  number  of  orbits.  For  instance,  an 
electron  orbiting  twice  will  give  rise  to  an  oscilla¬ 
tion  in  resistance  with  a  frequency  twice  that  of 
the  fundamental.  We  have  observed  very  spiked 
AB  oscillations  (Fig.  2),  corresponding  to  very 
well  defined  energy  levels,  as  the  electron  orbits 
up  to  six  times  (or  more)  around  the  ring,  as 


Fig.  4.  A  field  sweep  at  constant  gate  voltage  from  0.15  to  5  T.  The  sweep  has  been  divided  into  four  parts  for  clarity,  and  the 
section  between  2.85  and  4.1  T  omitted.  The  number  of  edge  states,  v,  transmitted  through  the  device  is  as  labelled.  Insets  (i)  and 
(iii)  show  the  behaviour  of  the  edge  states  schematically.  Inset  (ii)  is  a  Fourier  transform  of  the  data  of  Fig.  4a.  This  device  has  a 
larger  ring  than  that  of  Fig.  2. 
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shown  in  the  Fourier  transform  (lower  inset,  Fig. 
2).  It  is  interesting  to  note  that  the  spiked  data  is 
obtained  when  an  edge  state  is  mostly  reflected. 
This  is  exactly  contrary  to  what  we  might  expect 
from  the  requirement  for  a  well-defined  ring.  In 
principle  a  given  edge  state  can  oscillate  between 
being  fully  transmitted  and  fully  reflected  accord¬ 
ing  to  the  degree  of  interference  around  the  ring. 
Consequently  the  largest  AB  oscillations  occur  as 
we  reflect  the  final  edge  state.  We  have  seen 
totally  reflected  edge  states  become  up  to  a  third 
transmitted  (Fig.  3),  and  almost  fully  transmitted 
edge  states  become  up  to  half  reflected  (Fig.  1). 
These  large  oscillations  depend  on  the  existence 
of  a  high  degree  of  symmetry  between  the  chan¬ 
nels. 

Below  0.2  T  edge  states  are  not  defined,  and 
oscillations  are  not  observed  (Fig.  4b,  lowest 
curve).  As  the  field  increases  and  Landau  levels 
form,  we  observe  the  usual  h/e  oscillations 
(lowest  curve).  In  this  particular  example,  these 
continue  uninterrupted  until  at  around  1.65  T  a 
second  oscillation  briefly  appears,  interspersed 
between  the  first-harmonic  peaks.  The  phase  re¬ 
lation  between  the  second  oscillation  and  the 
fundamental  changes  as  the  field  increases.  As 
the  third  edge  state  is  increasingly  reflected,  the 


amplitude  of  the  second  oscillation  grows  and 
becomes  comparable  to  that  of  the  fundamental. 
Now  the  second  oscillation  remains  precisely  77- 
out  of  phase  from  the  fundamental.  As  the  sec¬ 
ond  edge  state  is  reflected  (Fig.  4a)  the  second 
oscillation  can  become  indistinguishable  from  the 
fundamental,  and  so  a  pure  double  frequency  is 
observed.  The  Fourier  transform  of  such  double 
frequency  oscillations  (Fig.  4aii)  shows  no  other 
discernible  frequency.  Comparison  with  the 
spiked  AB  oscillations  of  Fig.  2  shows  that  this  is 
therefore  not  the  effect  of  an  electron  orbiting 
twice  around  the  ring. 

We  have  seen  this  effect  in  all  the  devices  that 
we  have  measured  (over  10),  in  which  the  dots 
ranged  in  size  from  0.1  to  0.3  ^m.  The  effect  is 
quite  tolerant  of  a  large  amount  of  asymmetry 
between  the  channels.  It  does  not  seem  to  de¬ 
pend  on  whether  the  propagating  edge  states  are 
spin-split,  but  it  does  seem  necessary  for  the 
number  of  edge  states  in  the  constrictions  to  be 
less  than  four.  Conversely,  when  there  are  more 
than  two  edge  states  in  the  channels,  for  instance 
the  upper  curve  in  Fig.  4b,  no  corresponding 
higher  frequencies  are  seen.  When  the  tempera¬ 
ture  is  increased,  the  two  sets  of  oscillations 
smear  out  at  the  same  rate.  Squeezing  one  con- 


Fig.  5.  Double  frequency  Aharonov-Bohm  oscillations.  Curve  (a)  shows  the  oscillations  when  the  device  is  well-balanced,  i.e.  when 
the  two  constrictions  are  of  similar  width.  For  subsequent  curves,  the  width  of  one  constriction  is  reduced  by  increasing  the  bias  on 
one  arm.  In  curve  (c),  the  amplitude  of  the  second  frequency  is  diminished.  Nevertheless,  both  oscillations  disappear  completely  at 
the  same  gate  bias  (d).  Curves  (b),  (c)  and  (d)  are  vertically  offset  by  0.25,  0.4  and  0.44  h/e2  respectively  for  clarity,  (i)-(iv)  show 
the  behaviour  of  the  edge  states  schematically. 
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striction  does  not  eliminate  the  second  oscillation 
before  AB  oscillations  are  destroyed  altogether 
(Fig.  5). 

We  propose  an  explanation  of  these  results 
based  on  the  idea  of  edge  state  charging.  In 
recent  years  Coulomb  blockade  (CB)  has  become 
a  frequently  observed  phenomenon  in  semicon¬ 
ductor  systems  in  which  a  2DEG  is  confined  to  a 
cavity  [5].  For  a  cavity  containing  a  limited  num¬ 
ber  of  electrons,  tunnelling  into  the  cavity  only 
occurs  when  there  is  no  change  in  the  charging 
energy  q2/C  of  the  cavity  (where  q  is  the  net 
charge  of  the  cavity  and  C  is  the  capacitance 
between  the  cavity  and  the  rest  of  the  system), 
i.e.,  tunnelling  is  blocked  unless  the  net  charge 
within  the  cavity  can  change  from  -e/2  to  e/2. 
CB  oscillations  in  a  cavity  have  been  observed 
when  the  conductance  is  in  excess  of  e2/h  [6].  In 
our  case  we  have  an  isolated  ring,  and  not  a 
cavity.  Isolation  arises  when  the  Fermi  energy  lies 
within  the  energy  gap  between  Landau  levels,  as 
opposed  to  the  confinement  induced  by  a  Schot- 
tky  gate.  It  is  then  the  discreteness  of  the  SP 
states  that  allows  charging.  If  the  field  is  in¬ 
creased,  the  area  of  a  state  containing  a  given 
number  of  flux  quanta  h /e  will  decrease,  and  all 
the  states  will  move  inwards.  A  net  negative 
charge  will  then  build  up  within  the  edge  state 
until  it  reaches  -e/2.  Then  in  an  identical  man¬ 
ner  to  conventional  CB,  an  electron  may  leave 
the  highest  occupied  orbit  with  no  energy  cost, 
and  the  net  charge  becomes  e/2. 

Normally  we  cannot  detect  the  ladders  of  SP 
states  formed  in  the  inner  edge  states  encircling 
the  dot,  as  tunnelling  is  suppressed  by  the  expo¬ 
nential  decay  of  the  wavefunctions  away  from  the 
edge.  Other  work  has  shown  that  depopulation  of 
inner  edge  states  within  a  cavity  can  be  detected 
by  observing  the  modulation  of  CB  oscillations  in 
a  magnetic  field  [7].  The  double  frequency  might 
be  explained  if  charging  associated  with  the  inner 
SP  states  influences  the  transmission  coefficients 
of  the  outermost  edge  state.  Charging  of  an  inner 
edge  state  alters  the  local  potential  landscape, 
changing  the  amount  of  overlap,  and  therefore 
scattering,  between  states  in  the  outermost  edge 
state  on  opposite  sides  of  the  channels.  Thus 
what  appears  as  a  double  frequency  arises  from 


two  sets  of  h/e  oscillations,  i t  out  of  phase  due 
to  a  Coulombic  repulsion  between  the  levels.  It 
has  been  shown  [8]  that  in  a  system  exhibiting 
both  CB  and  AB  oscillations,  the  two  effects  are 
commensurate. 

Examination  of  Fig.  4a  shows  that  a  double 
frequency  persists  even  when  there  is  only  one 
fully-transmitted  edge  state  through  the  constric¬ 
tions,  with  the  second  almost  fully  reflected.  It  is 
difficult  to  picture  how  an  extended  state  can  be 
considered  to  charge,  but  a  clue  is  provided  by 
the  spiked  AB  (Fig.  2).  This  shows  that  an  ex¬ 
tremely  well-defined  SP  state  (and  therefore 
charging)  is  actually  always  formed  by  the  trans¬ 
mission  of  an  otherwise  totally  reflected  edge 
state.  The  fact  that  the  squeezing  of  one  channel 
does  not  kill  the  second  frequency  (Fig.  5)  can 
also  be  explained  by  considering  the  spiked  AB. 
As  one  channel  is  narrowed,  the  outermost  edge 
state  becomes  reflected  from  that  constriction 
(Fig.  5ii).  However,  it  can  still  tunnel  across  and 
therefore  form  a  ladder  of  SP  states.  Pinching  the 
constriction  still  further  starts  to  reflect  the  inner 
edge  state,  at  which  point  the  outer  most  one 
ceases  to  form  a  ring  (Fig.  5iii).  Thus  only  the  AB 
in  the  inner  state  is  left,  and  it  can  only  be  felt 
through  its  effect  on  the  outer  edge  state,  which 
is  itself  no  longer  charging,  and  therefore  less 
sensitive.  Thus  virtually  no  single  oscillations  from 
the  innermost  edge  state  are  seen  before  it  no 
longer  forms  a  ring.  Eventually,  neither  state  is 
transmitted  through  the  constriction,  and  AB  os¬ 
cillations  cease  (Fig.  5iv  and  d). 

Notable  is  the  indistinguishability  of  the  con¬ 
ventional  and  charging  AB,  of  which  Fig.  4a  is  an 
extreme  example.  This  may  be  due  to  the  limita¬ 
tion  of  the  amplitude  of  the  oscillations  by  the 
tunnelling  probabilities  through  each  constriction 
rather  than  only  due  to  the  interference  around 
the  ring  [9].  We  do  not  know  why  no  third  oscilla¬ 
tion  is  seen  when  there  are  clearly  three  edge 
states  forming  rings  around  the  dot  (upper  curve, 
Fig.  4b). 

We  have  applied  a  bias  between  source  and 
drain  to  determine  the  energy  level  spacing.  The 
bias  populates  edge  states  on  one  edge  up  to  a 
chemical  potential  which  is  higher  than  that 
on  the  far  edge,  fiR.  At  the  constrictions,  there 
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are  therefore  empty  states  in  the  loop  into  which 
tunnelling  may  occur.  We  use  a  small  AC  voltage 
on  top  of  the  DC  voltage  and  measure  the  AC 
current,  yielding  dG/dVDC.  Due  to  the  series 
resistance  on  each  side  of  the  device,  both 
and  ijlr  are  modulated  by  the  AC,  and  hence  we 
pick  up  simultaneously  the  density  of  states  at 
both  potentials.  We  see  a  peak  in  conductance 
when  an  SP  state  lines  up  with  fiL  or  /jlr.  As  the 
DC  bias  is  incremented,  each  peak  splits,  giving 
us  a  calibration  of  the  level  spacing  with  field 
(Fig.  6).  When  peaks  an  h/e  period  apart  cross, 
the  DC  bias  is  equivalent  to  the  energy  spacing 
between  states.  Thus,  allowing  for  about  10%  of 
the  DC  bias  being  dropped  in  the  series  resis¬ 
tance,  the  splitting  is  ~  190  jueV  at  1.7  T. 

If  we  assume  a  parabolic  potential  well  in  the 
constrictions,  of  width  0.1  ^m  at  EF  ~  2ho)c~  14 
meV  and  at  B  =  1.7  T,  then  the  slope  of  the 
potential  is  ~  560  ^eV/nm  at  EF.  The  differ¬ 
ence  in  radius  r  of  consecutive  SP  states  is  $r  ~ 
h/(2TrerB)  ~  0.54  nm  at  a  radius  of  0.35  fim. 
Thus  their  energy  separation  is  ~  dE/ drhr  ~ 
300  picV.  This  approximation  is  in  rough  agree¬ 
ment  with  the  measured  value  quoted  above.  At 


Fig.  6.  The  Aharonov-Bohm  oscillations  as  a  function  of  DC 
bias  applied  between  source  and  drain.  The  lowest  curve  is  for 
zero  DC  bias,  the  DC  bias  is  incremented  by  10  /xV  between 
each  curve,  that  for  the  top  curve  is  210  pV.  Each  peak  splits 
into  two;  the  dashed  lines  are  a  guide  to  the  eye. 


Fig.  7.  (a)  Large  Aharonov-Bohm  oscillations  as  the  last  edge 
state  is  reflected  from  the  constrictions,  (b)  The  same  oscilla¬ 
tions  as  a  constant  DC  current  is  applied  between  source  and 
drain.  The  current  corresponds  to  a  voltage  bias  of  about  60 


5  =  3.3  T,  the  shift  is  harder  to  determine,  but  it 
seems  to  be  less  by  about  a  factor  of  two,  as 
expected  from  the  above  formulae. 

If  we  now  apply  a  DC  current  or  voltage  bias 
to  the  device  where  only  one  edge  state  is  trans¬ 
mitted,  an  interesting  phenomenon  occurs  (Fig. 
7):  extra  dips  appear  in  the  h/e  oscillations. 
These  correspond  to  a  second  set  of  oscillations 
which  is  7r  out  of  phase  with  the  original  set. 
These  rapidly  take  over,  and  the  original  set 
fades  away. 

This  phenomenon  resembles  the  peak  splitting 
which  occurs  under  DC  bias  at  lower  fields  (Fig. 
6).  In  the  latter  case,  however,  the  splitting  is 
gradual.  The  two  phenomena  are  therefore  not 
necessarily  related.  At  present  we  do  not  have  an 
explanation  for  the  effect.  It  occurs  for  both 
positive  and  negative  biases  although  it  is  more 
marked  for  one  bias  direction.  It  occurs  at  cur¬ 
rents  of  around  1. 5-2.5  nA,  which  corresponds  to 
a  voltage  of  about  60  ^tV.  (The  AC  current  super¬ 
imposed  is  0.1  nA.)  Above  and  below  these  cur¬ 
rents,  the  oscillations  appear  normal  (with  a  sin- 
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gle-frequency)  and  the  amplitude  becomes  small 
by  the  time  the  current  reaches  5  nA. 

In  conclusion  a  new  fabrication  technique  has 
given  us  unprecedented  control  over  an  isolated 
dot,  allowing  fine  tuning  of  the  constriction  widths 
that  control  the  tunnelling  across  the  device.  We 
have  seen  exceptionally  well-defined,  and  ex¬ 
tremely  large,  Aharonov-Bohm  oscillations. 
When  between  one  and  four  edge  states  propa¬ 
gate  through  the  constrictions,  a  second  oscilla¬ 
tion  is  observed,  precisely  interspersed  with  the 
first.  This  we  attribute  to  edge  state  charging, 
arising  from  the  discreteness  of  the  SP  states. 
The  effect  of  this  is  to  modify  the  transmission  of 
the  outermost  edge  state  through  the  constric¬ 
tions  as  the  potential  landscape  is  changed,  and 
hence  the  detection  of  the  SP  states  in  the  inner 
edge  states  is  possible.  This  model  fits  the  ob¬ 
served  effects  of  squeezing  one  channel,  the 
charging  of  an  apparently  extended  edge  state, 
and  the  similarity  between  conventional 
Aharonov-Bohm  oscillations  and  those  arising 
from  the  electrostatic  influence  of  charging.  Ap¬ 
plying  a  DC  bias  has  allowed  the  measurement  of 
the  energy  level  spacing  with  field. 
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Abstract 

Superconducting  gate  structures  on  a  modulation  doped  (AlGa)As/GaAs  heterostructure  were  used  to  control  a 
ballistic  electron  beam  within  the  high  mobility  2DEG.  A  local  and  variable  magnetic  field  was  produced  by 
superconducting  current  loops.  The  magnetic  field  induced  by  the  loops  was  analysed  by  means  of  an  external 
magnetic  field  as  well  as  by  an  electron  interference  experiment.  The  maximum  field  obtained  by  two  superconduct¬ 
ing  loops  was  0.4  mT.  In  addition,  a  gate  structure  containing  a  superconducting  ring  between  two  opposite  split 
gates  was  prepared  in  order  to  detect  magnetic  flux  quantisation. 


In  recent  years  a  large  variety  of  experiments 
on  ballistic  electron  transport  in  two-dimensional 
electron  gases  (2DEG)  have  been  reported.  Since 
a  long  transport  mean  free  path  is  essential  for 
investigations  in  the  ballistic  transport  regime, 
most  experiments  are  based  on  high-mobility 
2DEG  in  modulation  doped  (AlGa)As/GaAs 
heterostructures  grown  by  molecular  beam  epi¬ 
taxy  [1,2].  For  collimated  emission  as  well  as  for 
detection  of  ballistic  electron  beams  most  often 
split-gate  point  contacts  are  used  [3-6].  Control 
of  ballistic  electrons  is  achieved  by  applying  an 
external  magnetic  field  [7]  or/and  by  means  of 
electrostatic  refractive  elements  like  lenses  [8,9] 
or  prisms  [10].  Because  of  the  large  Fermi  wave¬ 
length  in  a  2DEG  (typically  50  nm)  electron  in¬ 
terference  effects  are  also  observable  in  the  bal- 
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listic  transport  regime,  as  was  demonstrated  by  a 
modified  Young’s  double  slit  experiment  [11].  In 
this  letter  we  describe  for  the  first  time  the  con¬ 
trol  of  ballistic  electrons  by  means  of  supercon¬ 
ducting  gate  structures  on  top  of  an  (AlGa)As/ 
GaAs  heterostructure. 

The  niobium  gate  structures  were  fabricated 
on  a  modulation  doped  (AlGa)As/GaAs  het¬ 
erostructure  grown  by  molecular  beam  epitaxy. 
The  distance  of  the  2DEG  from  the  surface  was 
150  nm.  Standard  van  der  Pauw  measurements  at 
4.2  K  showed  a  carrier  density  of  2.6  X  10 15  m-2 
and  a  mobility  of  104  m2/V  *  s  resulting  in  a 
transport  mean  free  path  of  9  gm.  For  all  sam¬ 
ples  a  40  nm  thick  niobium  gate  structure  was 
defined  by  electron  beam  lithography. 

A  schematic  layout  of  the  sample  with  two 
current  loops  is  given  in  Fig.  1.  Between  the  point 
contacts  two  1  yum  wide  current  loops  LI  and  L2 
separated  by  1  yum  are  defined.  The  split-gates 
were  separated  3.6  yam  from  each  other.  A  colli- 
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Fig.  1.  Diagram  of  the  gate  structure  and  the  measurement 
configuration. 


mated  beam  of  ballistic  electrons  is  generated  by 
driving  a  current  through  the  emitter  point  con¬ 
tact  E.  The  detection  of  the  ballistic  carriers 
through  the  collector  point  contact  is  accom¬ 
plished  by  measuring  the  voltage  drop  Vc  at  the 
collector.  The  resistance  of  the  emitter  as  well  as 
the  collector  split-gate  are  adjusted  to  6.0  kft.  All 
measurements  were  performed  in  the  dark. 

The  current  loops  are  connected  to  a 
constant-current  source  with  floating  potential. 
An  additional  contact  is  used  to  define  the  ground 
potential  of  the  superconducting  loops,  Fig.  1. 
This  configuration  ensures  that  electrostatic  de¬ 
flection  of  ballistic  electrons  caused  by  the  loops 
can  be  excluded.  The  maximum  supplied  current 
of  ±2  mA  is  in  all  cases  below  the  experimentally 
determined  critical  current  of  >  3  mA.  For  the 
structure  shown  in  Fig.  1,  the  magnetic  field 
components  in  the  area  between  the  point  con¬ 
tacts  are  orientated  in  the  same  directions;  they 
are  produced  by  two  opposite  currents  ILl  =  -IL2 
through  both  loops.  The  magnitude  of  the  field 
generated  by  the  loops  is  determined  by  compari¬ 
son  with  the  collector  signal  dependence  on  an 
external  magnetic  field. 

The  collector  voltage  Vc  as  a  function  of  an 
external  magnetic  field  is  shown  in  Fig.  2  for 
different  currents  /L1,  -/L2  =  ±1  mA  and  0  mA 
flowing  through  loop  LI  and  L2,  respectively. 
The  general  shape  of  all  three  curves  is  deter¬ 
mined  by  the  deflection  of  the  injected  electrons 
by  the  external  magnetic  field;  it  represents  the 


angular  distribution  of  the  collimated  electron 
beam  [7].  The  observed  fine  structure  is  repro¬ 
ducible  on  one  and  the  same  sample.  It  can  be 
explained  by  interferences  between  electrons  be¬ 
ing  scattered  on  impurities  in  the  region  between 
the  point  contacts  [12].  A  comparison  of  the 
curves  in  Fig.  2  clearly  shows  that  a  current 
flowing  through  the  superconducting  loops  LI 
and  L2  shifts  the  initial  distribution. 

The  observed  shift  in  Fig.  2  is  explained  by  a 
magnetic  field  produced  by  the  current  flowing  in 
the  superconducting  loops.  In  Fig.  1  the  orienta¬ 
tion  of  the  magnetic  field  is  shown  for  a  forward 
current  in  loop  LI  and  a  reverse  current  in  L2.  In 
the  area  between  both  loops  the  magnetic  field  is 
orientated  in  a  forward  direction  as  shown  in  Fig. 
1.  This  additional  field  causes  a  shift  of  the  initial 
curve  (/L1  =  /L2  =  0  mA)  towards  smaller  external 
field  values.  Reversal  of  the  current  in  the  loops 
yields  a  shift  in  the  opposite  direction  due  to  an 
additional  reverse  magnetic  field. 

According  to  Fig.  2,  the  total  shift  between  the 
maximum  current  values  JL1,  —/L2  =  2  mA  and 
/u,  -/L 2=  mA  amounts  to  ±0.40  mT.  In 

order  to  estimate  the  expected  shift,  the  magnetic 
field  produced  by  a  superconducting  strip  was 
calculated  according  to  Rhoderik  and  Wilson  [13]. 
In  the  calculation  the  width  of  the  superconduct¬ 
ing  strip  as  well  as  the  distance  from  the  2DEG 
was  taken  into  account.  Considering  the  spatial 
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Fig.  2.  Collector  voltage  as  a  function  of  an  external  magnetic 
field  for  different  currents  through  the  loops. 
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field  dependence  described  in  Ref.  [13]  and  as¬ 
suming  a  current  of  2  mA  in  both  strips  leads  to  a 
magnetic  field  of  0.8  mT  at  the  center  between 
both  strips.  In  this  estimation  the  bending  of  the 
strips  in  the  vicinity  of  the  collector  and  emitter 
split  gates  is  neglected;  therefore  the  calculated 
value  is  higher  by  a  factor  of  2  as  compared  to  the 
experimentally  determined  shift  of  0.4  mT/2  mA. 

In  order  to  further  elucidate  the  influence  of 
the  current  loops  on  the  ballistic  electron  trans¬ 
port  an  interference  experiment,  analogous  to  the 
experiment  described  in  Ref.  [11],  on  a  structure 
with  two  gate  fingers  and  only  one  current  loop 
was  performed.  The  width  of  the  wider  gate  fin¬ 
ger  was  600  nm  and  that  of  the  narrower  one  400 
nm.  The  separation  between  the  point  contacts 
was  5.6  fx m. 

The  propagation  of  an  electron  along  each 
path  r  from  the  emitter  E  to  the  collector  point 
contact  C  is  described  by  a  complex  amplitude 

/  i  ,  m* 

<f>(T)  =  const  X  expl  —  J  v2  +  ecp(r ) 

-eA(r)vdt),  (1) 

where  v  is  the  electron  velocity,  r  the  position  of 
the  electron,  m*  the  effective  electron  mass  and 
e  the  electron  charge.  <p(r)  and  A(r)  are  the 
electric  and  the  vector  potential,  respectively.  The 
total  amplitude  =  Ealljr</>(T)  for  all  possible 
paths  r  existing  between  E  and  C  results  in  a 
transmission  probability  ^EC  =  \<P\2  for  the  elec¬ 
tron  transport  from  the  emitter  to  the  collector. 
Since  the  measured  collector  voltage  Vc  is  deter¬ 
mined  by  Tec>  a  change  of  the  latter  is  easily 
detected  by  measuring  the  voltage  drop  at  the 
collector  point  contact.  Biasing  one  of  the  gate 
fingers  with  a  small,  negative  voltage  results  in  a 
partial  depletion  of  the  2DEG  underneath  the 
gate  and,  hence,  in  a  phase  change  of  the  paths 
passing  underneath  this  gate  due  to  the  electric 
potential  <p  and  the  reduction  of  the  electron 
velocity  v .  Beside  the  effect  of  a  partial  depletion 
of  the  2DEG,  the  phase  of  an  electron  path  is 
also  modified  by  applying  a  magnetic  field  B  = 
rot  A. 


Fig.  3.  Dependence  of  the  collector  signal  on  the  gate  voltage. 
The  initital  oscillation  is  shifted  by  an  external  magnetic  field 
(a)  and  by  a  magnetic  field  generated  by  a  current  through  the 
superconducting  loop. 

The  measured  collector  signal  Vc  as  a  function 
of  the  voltage  on  a  gate  finger  for  different  exter¬ 
nal  magnetic  fields  is  shown  in  Fig.  3a.  The  traces 
are  obtained  by  using  the  600  nm  wide  gate 
finger.  The  observed  oscillations  result  from  the 
interference  of  electron  paths  underneath  and 
beside  the  gate  finger.  Applying  an  external 
transverse  magnetic  field  in  the  forward  direction 
causes  a  shift  of  the  initial  curve  to  lower  gate 
voltages,  whereas  a  reverse  magnetic  field  shifts 
the  initial  oscillation  in  the  opposite  direction. 

Fig.  3b  illustrates  the  effect  on  the  collector 
voltage  caused  by  current  IL  flow  through  the 
superconducting  loop,  while  keeping  the  external 
magnetic  field  at  zero.  Referring  to  Fig.  3b,  a 
reverse  current  of  —  2  mA  produces  a  shift  of  the 
initial  curve  towards  lower  gate  voltages,  while  a 
forward  current  causes  a  shift  in  the  opposite 
direction.  These  shifts  of  the  initial  oscillation 
can  be  explained  by  a  magnetic  field  generated  by 
the  current  through  the  loop  as  shown  by  a  direct 
comparison  with  the  results  in  Fig.  3a.  A  reverse 
current  produces  a  magnetic  field  in  the  forward 
direction  in  the  area  between  the  point  contacts, 
while  a  forward  current  generates  a  magnetic 
field  in  the  opposite  direction. 

The  positions  of  the  maxima  in  Fig.  3b  were 
determined  in  order  to  estimate  the  magnitude  of 
the  magnetic  field  generated  by  the  loops.  This 
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Fig.  4.  Collector  signal  in  dependence  of  an  external  magnetic 
field  for  the  superconducting  ring  structure.  The  A  B  =  4.3  mT 
period  can  clearly  be  seen  in  the  Fourier  spectrum  (inset). 
The  dashed  line  shows  the  back  transformation  of  the  A  B  = 
4.3  mT  peak. 

analysis  shows  that  a  current  of  /L  =  2  mA  is 
comparable  to  the  effect  induced  by  an  external 
field  of  0.35  mT.  In  contrast  to  the  external 
magnetic  field,  the  field  distribution  produced  by 
the  loop  is  inhomogeneous;  therefore  the  field 
determined  for  the  superconducting  loops  repre¬ 
sents  only  an  average  value. 

In  order  to  detect  the  magnetic  flux  quantisa¬ 
tion  in  a  superconducting  ring  by  using  a  ballistic 
electron  beam,  a  ring-shaped  niobium  gate  was 
placed  between  two  opposite  split  gates.  The  area 
of  the  ring  opening  was  0.46  /im2,  while  the  split 
gates  were  separated  by  3.6  jxm. 

The  dependence  of  the  collector  signal  on  an 
external  magnetic  field  at  a  temperature  of  0.5  K 
is  shown  in  Fig.  4.  Superimposed  on  the  overall 
shape  of  the  collector  signal,  which  is  produced 
by  a  collimated  ballistic  electron  beam,  is  a  peri¬ 
odic  structure.  This  periodic  structure  can  be 
observed  more  clearly  in  the  back  transformation 
of  the  peak  marked  in  the  Fourier  spectrum  (Fig. 
4,  inset).  The  period  of  the  oscillation  is  A  B  =  4.3 
mT. 

The  origin  of  the  oscillations  can  be  explained 
by  magnetic  flux  quanta,  which  enter  the  ring  via 
a  weak  link  in  the  superconducting  film.  Al¬ 
though  no  weak  link  in  the  form  of  a  geometrical 
constriction  was  prepared  intentionally  in  the  ring, 


this  weak  link  can  originate  from  grain  bound¬ 
aries  or  impurities  in  the  superconducting  film. 
The  discontinuous  increase  of  the  magnetic  field 
inside  the  superconducting  ring  leads  to  a  modu¬ 
lated  deflection  of  the  ballistic  electron  beam 
flowing  underneath  the  ring. 

From  the  periodicity  of  the  oscillation  the  ef¬ 
fective  opening  area  of  the  ring  can  be  deduced. 
By  using  A5  =  4.3  mT  and  the  magnetic  flux 
quantum  <f>0  =  h/2e  an  area  of  0.48  /xm2  was 
determined,  which  fits  very  well  to  the  geometri¬ 
cal  opening  area  of  0.46  /x m2. 

In  conclusion,  we  have  demonstrated  the  con¬ 
trol  of  ballistic  electrons  by  means  of  supercon¬ 
ducting  gate  structures,  which  opens  the  possibil¬ 
ity  to  control  the  current  flow  in  a  ballistic  device 
by  means  of  a  local  and  variable  magnetic  field 
integrated  in  a  circuit.  The  magnetic  field  gener¬ 
ated  by  a  superconducting  current  loop  was  anal¬ 
ysed  by  an  external  magnetic  field  as  well  as  an 
interference  experiment.  The  maximum  magnetic 
field  produced  by  two  loops  was  0.4  mT.  In 
addition,  magnetic  flux  quantisation  in  a  super¬ 
conducting  ring  was  detected  by  means  of  a  bal¬ 
listic  electron  beam  flowing  underneath  the  ring. 

The  authors  would  like  to  acknowledge  G. 
Mlillejans,  C.  Krause  and  G.  Hallmanns  for  tech¬ 
nical  support. 
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Abstract 

A  model  for  a  metal  contact  to  a  high  mobility  2DEG  is  considered.  The  model  takes  into  account  strong  elastic 
and  inelastic  electron  scattering  in  the  metal  and  the  difference  in  Fermi  surfaces  of  the  metal  and  of  the  2DEG. 
The  thermalization  probability  for  an  electron  which  is  incident  on  the  contact  is  calculated. 


1.  Introduction 

Recent  experiments  on  the  quantum  Hall  ef¬ 
fect  (QHE)  draw  attention  to  the  properties  of 
the  current  and  voltage  contacts  to  the  two-di¬ 
mensional  electron  gas  (2DEG)  [1-5].  A  contact 
is  called  “ideal”  when  a  carrier  incident  on  the 
contact  is  adsorbed  and  thermalized  in  the  con¬ 
tact.  If  there  is  a  non-zero  probability  for  the 
carrier  to  be  reflected  back  to  the  2DEG  the 
contact  is  called  “non-ideal”.  In  the  case  when 
some  of  the  current  contacts  are  not  ideal  the 
edge  states  are  nonequally  populated.  If  this  pop¬ 
ulation  is  probed  by  non-ideal  voltage  contacts, 
deviations  in  the  QHE  are  possible  [6].  Split-gate 
quantum  point  contacts  can  be  driven  from  ideal 
to  non-ideal  by  changing  the  gate  voltage  [2,3,5]. 
The  question  is  much  more  complicated  in  the 
case  of  alloyed  AuGe  contacts.  It  is  generally 
believed  that  in  this  case  a  low-resistance  ohmic 
contact  is  achieved  due  to  the  presence  of  a 
heavily  doped  n+  layer  between  the  metal  and 
the  GaAs,  where  the  carrier  transport  occurs 
mainly  through  tunneling  [7,8].  In  the  contact 
domain  the  electrons  undergo  strong  scattering, 


while  in  the  2DEG  the  scattering  is  negligible. 
The  problem  of  penetration  of  a  ballistic  particle 
into  a  strongly  scattering  medium  is  known  (for 
3D  geometry)  from  astrophysics  and  neutron 
physics  (the  Milne  problem)  [9].  The  probability 
to  be  captured  (thermalized)  in  a  scattering  half¬ 
space  is  w  =  (re/Te  +  r)l/2,  where  re  and  t{  are 
the  elastic  and  inelastic  scattering  times,  respec¬ 
tively.  Hence,  all  3D  contacts  must  be  non-ideal, 
since  in  metals  and  semiconductors  at  low  tem¬ 
peratures  Tj  »  re  and  w  =  (tq/t)1/2  <§c  1. 

The  problem  of  electron  thermalization  in  the 
metal/2DEG  contact  differs  from  the  Milne 
problem  at  least  in  two  points:  (i)  the  electron  gas 
is  2D,  while  the  metal  is  3D;  (ii)  there  is  addi¬ 
tional  reflection  at  the  metal/semiconductor  in¬ 
terface  due  to  potential  barriers  and /or  different 
Fermi  surface  in  the  metal  and  the  semiconduc¬ 
tor  [10]. 

The  paper  is  organized  as  follows.  In  Section  2 
we  discuss  the  model  of  the  contact.  The  model 
neglects  the  3D  geometry  of  the  metal  and  also 
the  potential  barrier  at  the  metal /  semiconductor 
interface  but  takes  into  account  different  Fermi 
spheres  in  the  metal  and  the  semiconductor.  In 
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Section  3  we  present  the  results  for  the  2D  Milne 
problem  (the  solution  will  be  given  elsewhere). 
Using  these  results,  we  derive  an  integral  equa¬ 
tion  for  the  backscattering  angular  distribution 
and  calculate  the  thermalization  probability  in 
Section  4. 

2.  Model  of  the  contact  and  formulation  of  the 
problem 

We  neglect  the  3D  geometry  of  the  contact 
and  consider  a  2D  model  shown  in  Fig.  1.  The 
2DEG  plane  is  divided  in  three  regions.  On  the 
left  there  is  a  ballistic  domain  S  (semiconductor) 
with  no  scattering,  low  electron  density  and  small 
Fermi  wavevector  kFS.  On  the  right  there  is  a 
domain  M  (metal)  with  strong  elastic  and  inelas¬ 
tic  scattering,  high  electron  density  and  large 
Fermi  wavevector  k  FM.  In  between  we  assume  a 
transition  domain  T  (heavily  doped  semiconduc¬ 
tor),  the  width  of  which,  d ,  is  large  compared 
with  the  electron  Fermi  wavelength.  Due  to  the 
smoothness  of  the  transition  region  electrons  tra¬ 
verse  it  adiabatically.  An  electron  which  is  inci¬ 
dent  on  T  from  S  travels  to  M  without  reflection. 
The  angle  between  the  z  axis  and  the  electron 
momentum  is  changed  to  conserve  its  transversal 
component  k±  (see  Fig.  1).  As  to  an  electron 
which  is  incident  on  T  from  M  the  situation 


depends  on  the  angle  of  incidence  </>.  If  |  <f)  \  <  0 
=  sin-1  ( kFS/kFM )  the  electron  travels  to  S  with¬ 
out  reflection.  In  the  case  |  |  >  <j>  the  electron  is 

totally  and  specularly  reflected  back  to  M. 

The  evolution  of  the  electron  distribution  in  M 
for  zero  temperature  is  given  by  the  Boltzmann 
equation 


3/  f~n  f 


Here  /(z,  4>)  is  the  nonequilibrium  part  of  the 
electron  distribution  at  the  Fermi  surface,  v  is 
the  Fermi  velocity  and 

n(z)  =  —-(2ud<t>f(z,4>)  (2) 

LIT  A) 

is  the  nonequilibrium  electron  “density”.  The  first 
term  in  the  RHS  of  Eq.  (1)  is  responsible  for 
elastic  scattering,  the  second  for  inelastic  scatter¬ 
ing  (thermalization). 

The  problem  is  as  follows.  An  electron  beam  is 
coming  from  S  with  the  angle  of  incidence  0O,  the 
angular  distribution  being  8(6  -  60 )  and  the  flux 
along  z  being  /0  =  cos  0O.  We  are  interested  in 
the  thermalization  probability  w  =  (/0—  J')/J0, 
where  J'  is  the  total  flux  reflected  back  to  S  after 
the  electrons  undergo  scattering  in  M. 

Some  models  exist  for  a  contact  between  3D 
and  2D  systems  [11-13].  But  these  models  do  not 
take  into  account  electron  scattering  and  cannot 


Fig.  1.  Fermi  circles  in  the  2DEG  and  the  contact. 
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be  used  to  calculate  the  electron  thermalization 
probability. 


3.  2D  Milne  problem 

Assume  the  right  half-plane  (z  >  0)  contains 
uniformly  distributed  scattering  centers,  while  the 
left  one  (z  <  0)  contains  no  such  centers.  A  beam 
of  particles  with  velocity  v  is  coming  from  z  =  -  oo 
with  angle  of  incidence  <f>0.  The  beam  penetrates 
into  the  right  half-space  and  is  scattered  accord¬ 
ing  to  Eq.  (1).  This  equation  is  to  be  solved  with 
the  boundary  condition  at  z  =  0:  /( 0,  (p)  =  5((f)  — 
(f>0\  cos  (j>>  0.  We  are  interested  in  the  reflec¬ 
tion  matrix  which  is  the  angular  distribution  of 
particles  scattered  back  to  the  left  half-space: 
R((l> o  ->  4>)  =/(0,  <t>\  cos  (f><  0. 

Using  methods  similar  to  those  given  in  Ref. 
[9]  one  can  find 


R((f)  ->  7 t  —  l/f) 


A  cos  cf) 

2tt  cos  4>  +  cos  ip 


Hx( cos  cos  ip), 


where  both  angles  (p  and  if  vary  from  -tt/2  to 
+  77/2,  the  parameter  A  =  T{/(re  +  Tj),  and  the 
function  H  is  given  by 


//A(  cos  <p)  =  exp 


I  1  ^.+00  dt 

\  2  TT  ' -oo  1  +  / 


+00  dt  cos  <p 

-00  1  +t2  COS2  (p 


X  -In  1 


4.  Thermalization  probability 

First  let  us  calculate  the  thermalization  proba¬ 
bility  for  the  2D  Milne  problem,  i.e.  when  k¥S  = 
kFM  and  cj>=ir/ 2.  In  this  case 


This  result  differs  from  w  in  3D  geometry  only  in 
the  function  H  which  is  different  in  2D. 

To  calculate  the  thermalization  probability  w 
with  the  account  of  the  reflections  in  the  transi¬ 
tion  domain  T  consider  in  M  the  domain  0  <  z  < 
z0,  where  z0  is  arbitrary,  subject  to  z0  vtg9  vt-x. 
Scattering  can  be  neglected  in  this  domain  and 
hence  the  electron  distribution  depends  only  on 
<p.  It  follows  from  the  adiabatic  properties  of  T 
that  for  0  <z  <z0: 

/+(<£)  =f-(TT-<f>),  (7) 

f+(4>)  =  (cos  e0/cos  \<l>\<<i>. 


Here  f+  and  /_  are  distributions  of  particles 
moving  to  the  right  and  to  the  left,  <p0  is  the  angle 
of  refraction,  which  corresponds  to  the  angle  of 
incidence  90  (see  Fig.  1).  The  cosine  ratio  in  Eq. 
(8)  comes  from  flux  conservation.  The  distribu¬ 
tions  /+  and  /_  are  also  connected  through  the 
reflection  from  the  domain  z  >  z0: 

f-M-fWLWW -><!>),  (9) 

where  the  matrix  R  is  given  by  Eq.  (5).  Introduc¬ 
ing  f+  from  Eqs.  (7)  and  (8)  into  Eq.  (9),  we 
obtain  an  integral  equation  for  /_: 

_d <p'  f_(7r-<pf)R(<p'-><p) 

cos  0n 

= - j-R(<l>o^<t>)-  (10) 

COS  (p  0 

From  the  solution  of  this  equation  one  can  calcu¬ 
late  the  thermalization  probability 

W=1 - —  f  _d(/>  /_(<£)  I  cos  <f>\.  (11) 

cos  6 q  <<£ 

First  let  consider  the  situation  when  <p  c  1 
and  5  =  1  -  A  1.  In  this  case  cp0  is  small  and 
Eq.  (10)  can  be  reduced  to 


j d<j>  R(4>0  -*tt  —  4>)  cos  (f>.  (5)  -  fd<t>’ f_(TT-4>')R(4>' -ct>) 


T  ~  |  I  T  \  r  yj  1  /  '  \  s 

COS  <p0  J 

Introduce  into  Eq.  (5)  the  matrix  R  from  Eq.  (4) 
and  calculate  the  integral  over  (f>.  This  yields 

w  =  ]/l  ~  A  //A( cos  <t>0).  (6) 


R( 0  -*  <t>)  cos  d0  -  f?(0  ->  <f>) 
xf  _d<f>'  —  </>')■ 
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In  this  equation  the  LHS  gives  electron  redistri¬ 
bution  in  angles,  while  the  RHS  gives  electron 
income  to  the  domain  0  <  z  <  z0  (first  term)  and 
electron  escape  from  this  domain  (second  term). 
When  (f  is  small,  the  RHS  can  be  neglected  in 
first  approximation.  In  this  approximation  one 
can  put  A  =  1  in  the  LHS.  As  a  result,  we  have 


/_(<£)=  fd(f>'  f_(Tr-4>')R(<f>' ^4>)\n. 

(13) 

Using  some  properties  of  functions  H  for  A  =  1 
we  can  see  that  the  solution  is  /_(<£)  =A  =  const. 
The  meaning  of  this  solution  is  obvious.  Since 
A  =  1  electrons  are  totally  (diffusively)  reflected 
from  the  boundary  z  =  z0.  Since  <j>  =  0  electrons 
are  totally  (specularly)  reflected  from  the  bound¬ 
ary  z  —  0.  As  a  result  of  sequential  reflections  an 
isotropic  angular  distribution  is  established.  Go¬ 
ing  to  the  second  approximation  we  introduce  the 
isotropic  solution  of  Eq.  (13)  into  Eq.  (12),  giving 

A-A[\-8l/2Hk(cos  4>)] 

_  A  Hx( cos  6) 

-(cos«0-2,M)— (14) 

In  Eq.  (14)  we  can  put  A  =  1,  retaining  the  factor 
S1/2.  To  find  A  we  integrate  Eq.  (14)  over  </>, 
using  the  relation 


=  H1(1) -l  =  c  =  1.53... 


As  a  result. 


/-(<£) 


c  cos  9, 


2ir81/2  4-  2c(f  '  ' 

Substituting  this  distribution  into  Eq.  (11),  we 
obtain  the  thermalization  probability 

5 1/2 

w  =  — (17) 
81/2  +  ccf>  /tt 


valid  for  cf  <§:  1  and  8  <&:  1. 

It  follows  from  Eq.  (17)  that  the  thermalization 
probability  is  enhanced,  compared  with  the  sim¬ 
ple  2D  Milne  problem  and  if  (f>  c  8 1/2  the  con¬ 
tact  is  ideal,  since  in  this  case  w  ~  1.  Even  in  the 


case  that  the  contact  is  not  ideal,  its  reflection 
coefficient  is  independent  on  the  angle  of  inci¬ 
dence  4>0  and  hence  it  populates  all  the  electron 
states  of  the  2DEG  to  the  same  extent. 

One  can  easily  understand  why  the  metal  M  is 
a  trap  when  <$:  tt.  The  electron  which  comes 
from  S  has  a  momentum  k  directed  nearly  along 
+z.  After  scattering,  the  electron  gains  a  trans¬ 
verse  component  k  ± .  Hence  after  most  scatter¬ 
ing  events  k  ±  >  kFS,  and  as  a  result  the  electron 
cannot  go  back  to  the  semiconductor  S  and  has  to 
wait  for  a  “lucky”  scattering  at  the  end  of  which 
the  momentum  is  directed  nearly  along  -z. 

If  (f>  is  not  small  and/or  8  is  not  small,  one 
can  calculate  w  using  the  Schwinger  variational 
method,  see  Ref.  [9].  We  apply  this  variational 
method  to  the  integral  equation  (10)  and  integral 
in  Eq.  (5),  using  the  simplest  trial  functions.  As  a 
result  we  obtain 


cos  4>0)  -  1 


To  test  this  approach  let  us  consider  first  the  case 
</>  =  7t/2  and  compare  the  variational  approxima¬ 
tion  with  the  exact  result  from  Eq.  (6).  The  two 
results  agree  if 


Hx( cos  4>) 


1  +  ^77*  COS  (f> 

1  +  iW  1  —  A  COS  <f) 


From  the  properties  of  functions  H  one  can  see 
that  Eq.  (19)  is  a  good  approximation  to  the  exact 
Ha.  The  second  test  of  Eq.  (18)  is  the  case  <§c  tt, 
1  -  A  1.  One  can  see  that  in  this  case  Eq.  (18) 
leads  to  Eq.  (17). 

In  conclusion,  we  present  some  numerical  val¬ 
ues  relevant  to  the  above  discussed  contact  model. 
Typical  Fermi  wave-vectors  are:  k FM  —  108  cm-1 
and  kFS  -  106  cm-1,  giving  the  transmission  an¬ 
gle  (/>  =  10  “2.  Rough  estimates  for  scattering 
times  in  metals  at  low  temperatures  are:  re  -  10~4 
s  and  Tj  —  10 — 10  s  giving  8  =  10  “4.  The  width  of 
the  transition  region,  d  -  100  nm,  compared  to 
Afs  -  50  nm. 
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Abstract 

We  fabricated  superconducting  Sn/Pd  contacts  to  a  two-dimensional  electron  gas  (2DEG)  in  GaAs/AlGaAs 
heterostructures  by  an  alloying  technique.  A  dip  around  zero  bias  and  peaks  at  finite  voltages  have  been  observed  in 
the  differential  resistance  of  a  2DEG  between  two  superconductors.  The  resistance  dip  may  be  a  result  of  Andreev 
reflection  at  2DEG-superconductor  interfaces  and  the  peaks  are  probably  due  to  the  Josephson  coupling  between 
two  very  close  superconducting  islands  in  a  superconducting  contact  region,  which  may  be  formed  by  alloying. 
Alternatively,  we  made  superconducting  Nb  contacts  to  a  2DEG  in  an  InAs/AlGaSb  quantum  well  structure.  The 
resistance  of  Nb-2DEG-Nb  devices  shows  a  clear  indication  of  Andreev  reflection. 


1.  Introduction 

A  weak  link  usually  consists  of  a  normal  metal 
sandwiched  between  two  superconductors  (S). 
Using  a  semiconductor  (Sm)  instead  of  a  normal 
metal,  the  supercurrent  through  such  a  system 
would  depend  on  the  carrier  concentration,  which 
can  be  varied,  for  instance,  by  means  of  a  gate 
voltage.  Most  of  the  experiments  so  far  have 
focused  on  systems  with  semiconductors  in  which 
there  is  considerable  impurity  scattering  [1,2].  S- 
Sm-S  systems  using  a  high  mobility  two-dimen¬ 
sional  electron  gas  (2DEG),  such  as  that  in 
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GaAs/AlGaAs  heterostructures  or  InAs  quan¬ 
tum  well  structures,  are  interesting  from  both 
fundamental  and  technological  points  of  view.  In 
these  systems  transport  can  be  ballistic  as  well  as 
phase  coherent.  The  supercurrent  in  these  sys¬ 
tems  is  expected  to  be  carried  by  bound  states 
due  to  coherent  Andreev  reflection  (AR)  [3,4]. 
The  absence  of  impurity  scattering  in  the  high 
mobility  2DEGs  makes  a  direct  comparison  with 
theory  possible.  In  addition,  the  supercurrent  can 
be  observed  in  the  S-2DEG-S  systems  with  a 
relatively  large  separation  Lsm,  e.g.  Lsm  =  0.5  gm, 
between  the  two  superconductors  [5].  This  leaves 
space  to  define  gates.  It  is  therefore  possible  to 
realize  both  superconducting  quantum  point  con¬ 
tacts,  in  which  the  supercurrent  is  predicted  [6]  to 
increase  stepwise  as  the  contact  width  becomes 
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wider,  and  other  three  terminal  superconducting 
devices. 

The  transparency  of  a  S-Sm  interface  deter¬ 
mines  the  probability  of  AR,  which  plays  a  crucial 
role  in  the  (super)current  transport.  At  a  S-Sm 
interface,  a  Schottky  barrier  is  present  except  for 
the  case  for  InAs.  In  addition,  a  2DEG  in  a 
GaAs/AlGaAs  heterostructure  is  formed  typi¬ 
cally  80  nm  below  the  surface.  To  make  highly 
transparent  contacts  to  the  GaAs /AlGaAs  2DEG 
an  alloying  process  is  needed.  Superconducting 
contacts  to  a  GaAs/ AlGaAs  accumulation  layer 
were  first  made  by  Ivanov  et  al.  [7]  using  a  combi¬ 
nation  of  Sn/In.  The  supercurrent  was  observed 
in  a  S-2DEG-S  weak  link.  However,  transport  in 
the  2DEG  was  diffusive  because  of  the  low  mobil¬ 
ity.  Contacts  to  a  high  mobility  GaAs/ AlGaAs 
2DEG  were  later  reported  by  Lenssen  et  al.  [8] 
using  Sn/Ti.  Although  they  achieved  highly 
transparent  S-Sm  interfaces,  characteristics  for 
the  superconducting  contacts  could  be  observed 
only  below  0.4  K. 

We  succeeded  in  making  superconducting  con¬ 
tacts  to  a  high  mobility  GaAs/AlGaAs  2DEG 
using  a  new  combination  of  Sn/Pd.  Here  we 
report  our  recent  measurements  on  S-2DEG-S 
structures  with  a  short  electron  gas  between  two 
superconductors.  We  observed  new  features  in 
the  differential  resistance  which  we  tentatively 
interpret  as  the  formation  of  superconducting 
contacts  to  the  2DEG.  We  also  report  a  result  on 
Nb-2DEG-Nb  devices  using  an  InAs/GaAlSb 
quantum-well  structure. 


2.  Results  and  discussion 

2.  L  GaAs  / AlGaAs  heterostructures 

Fig.  1  shows  a  schematic  top  view  of  S- 
2DEG-S  devices.  Two  close  superconducting 
contacts  with  widths  of  20  ^m  are  defined  on  a 
GaAs/AlGaAs  sample  using  Sn/Pd.  The  separa¬ 
tion  between  the  two  superconductors,  as  defined 
lithographically,  is  about  1.5  jim.  Each  supercon¬ 
ducting  contact  is  attached  by  a  pair  of  Au/Ti 
contacts  (not  shown)  to  allow  for  four  terminal 
measurements.  We  used  devices  with  two  differ- 


Fig.  1.  A  schematic  top  view  of  a  S-2DEG-S  device  with  a 
short  channel  2DEG  in  GaAs/AlGaAs  heterostructures  con¬ 
tacted  with  two  superconductors. 


ent  configurations:  one  has  no  mesa  structure; 
the  other  has  a  mesa  structure  which  defines  a 
channel  of  width  16  fim,  as  shown  in  the  figure. 

Our  starting  material  is  a  usual  MBE  grown 
GaAs/AlGaAs  heterostructure,  which  consists  of 
a  4  fim  GaAs  buffer  layer,  a  20  nm  undoped 
AlGaAs  spacer  layer,  a  40  nm  Si-doped  AlGaAs 
layer,  and  a  20  nm  undoped  GaAs  cap-layer.  The 
sheet  electron  density  and  mobility  of  our  sam¬ 
ples  at  1.2  K  are  3.6  X  1011  cm“2  and  4  X  105 
cm2/V  •  s,  the  latter  giving  an  electron  mean  free 
path  /e  of  2.6  /Jim. 

The  device  fabrication  is  as  follows.  After  mesa 
etching,  contact  patterns  are  defined  by  using 
standard  photolithography.  The  native  oxide  of 
GaAs  is  removed  in  a  solution  of  HC1 :  H20  =  1 : 1 
for  2  min.  Immediately  afterwards  the  samples 
are  loaded  into  the  e-gun  evaporation  system  and 
15  nm  Pd  and  250  nm  Sn  are  evaporated.  To 
form  ohmic  and  superconducting  contacts,  alloy¬ 
ing  takes  place  on  a  hot  plate  in  forming  gas  or 
N2  for  a  short  time  at  around  500°C.  The  Pd  is 
used  as  a  first  layer  to  prevent  the  oxidation  of 
GaAs  and  to  reduce  out-diffusion  of  Ga  or  As  [9]. 
The  Sn  is  used  because  it  can  form  ohmic  and 
superconductor  contacts  to  GaAs  [10]  (the  critical 
temperature  of  Sn  Tc  —  3.7  K  and  its  supercon¬ 
ducting  gap  24(0)  —  1.2  meV).  Furthermore, 
compounds  of  PdxSn^  which  can  be  possibly 
formed  during  alloying  are  also  superconductors. 
Some  of  them  are  known  to  have  Tc  between  0.4 
and  3.3  K  [11]. 
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Fig.  2.  The  differential  resistance  of  a  GaAs/AlGaAs  S- 
2DEG-S  device  as  a  function  of  voltage  bias  at  four  tempera¬ 
tures.  For  clarity  there  are  offsets  in  the  7-direction.  The 
normal  state  resistance  taken  at  V=  — 15  mV  for  four  tem¬ 
peratures  equals  370  fl. 

Fig.  2  shows  the  differential  resistances  of  a 
S-2DEG-S  device  without  mesa  structure,  mea¬ 
sured  at  four  temperatures.  At  1.2  K  a  resistance 
dip  around  zero  bias  with  a  value  of  ~  10%  the 
normal  state  resistance  R N  is  found.  From  2  mV 
several  reproducible  peaks  on  the  resistance  were 
observed  as  the  bias  increases.  These  phenomena 
have  been  observed  in  three  similar  devices.  We 
note  that  the  peaks  are  not  periodic  and  their 
detailed  features  are  device-dependent.  With  in¬ 
creasing  temperature  the  peaks  damp  quickly,  but 
the  dip  decreases  only  slowly.  Meanwhile,  the 
bias  position  of  the  peaks  shifts  towards  zero 
value.  In  one  of  the  devices,  we  systematically 
studied  the  temperature  dependence  of  the  bias 
and  current  positions,  which  follows  the  BCS 
superconductor  gap.  However,  the  bias  values  are 
larger  than  2 A/e  for  Sn.  Above  4  K  all  the 
features  disappear.  Instead,  a  broad  hump  arises 
around  zero  bias  with  the  position  of  its  minima 
at  5  mV;  it  vanishes  at  temperatures  above  10  K. 
It  should  be  noted  that  not  all  devices  tested 
show  the  phenomena  of  dip  and  peaks,  but  they 
do  give  a  similar  hump  in  the  resistance.  Addi¬ 
tionally,  the  resistance  shows  a  slightly  changed 
background.  i?N  taken  at  V=  — 15  mV  equals 


370  n,  and  is  independent  of  temperature.  This 
value  is  dominated  by  two  interface  resistances 
since  the  resistance  of  the  channel  amounts  to  5 

n. 

Applying  a  magnetic  field  yields  similar  be¬ 
haviour  as  increasing  temperature.  The  differen¬ 
tial  resistances  versus  bias  measured  at  several 
magnetic  fields  are  plotted  in  Fig.  3.  All  features 
are  suppressed  by  a  field  of  0.35  T.  The  rise  of 
the  averaged  resistance  with  the  field  is  due  to 
the  magnetoresistance  of  the  channel.  The  fea¬ 
tures  in  the  zero  field  curve  do  not  precisely 
reproduce  those  given  in  fig.  2;  we  attribute  that 
to  several  thermal  cycles. 

To  further  examine  the  superconducting  con¬ 
tacts  we  measured  the  temperature  dependence 
of  the  resistance  of  the  same  sample  applied  with 
and  without  biases.  The  results  are  given  in  Fig. 
4.  As  shown  in  the  figure,  zero  bias  resistance 
starts  to  decrease  markedly  as  temperature  is 
reduced  below  4  K.  In  contrast,  resistances  ob¬ 
tained  at  biases  of  3  and  6  mV  are  almost  inde¬ 
pendent  of  temperature. 

Because  of  its  relatively  long  channel,  no  su¬ 
percurrent  is  expected  in  this  device  in  the  tem¬ 
perature  range  we  used.  From  Figs.  2-4  we  con¬ 
clude  that  the  observed  properties  must  be  asso¬ 
ciated  with  the  superconducting  contacts.  Which 


Voltage(mV) 

Fig.  3.  The  differential  resistance  as  a  function  of  bias  for  the 
same  device  as  in  Fig.  2,  measured  at  several  magnetic  fields. 
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Temperature(K) 

Fig.  4.  The  differential  resistance  as  a  function  of  temperature 
for  the  same  device  as  in  Fig.  2,  biased  at  V  =  0,  3  and  6  mV, 
respectively. 


material  is  responsible  for  the  superconductor? 
Roughly  speaking,  the  observed  Tc  is  3.8  ±  0.3  K, 
suggested  by  the  transition  behaviour  in  Fig.  4, 
and  it  seems  to  be  consistent  with  both  Sn  and 
PdrSnv.  On  the  other  hand,  the  critical  field 
Hc  ~  0.35  T  inferred  from  Fig.  3  is  much  higher 
than  that  of  Sn  (0.03  T),  suggesting  that  the 
superconductor  is  not  pure  Sn  but  PdxSny. 

At  a  S-Sm  interface,  for  an  incoming  electron 
from  the  semiconductor  with  an  energy  (relative 
to  the  Fermi  energy)  below  the  superconductor 
gap,  two  types  of  scattering  processes  may  take 
place:  the  electron  can  be  either  normally  re¬ 
flected  or  retro-reflected  as  a  hole.  The  latter 
process  is  so-called  Andreev  reflection.  Its  proba¬ 
bility  is  determined  by  the  transmission  coeffi¬ 
cient  rN.  According  to  the  Blonder,  Tinkham  and 
Klapwijk  (BTK)  model  [12],  at  an  ideal  S-Sm 
interface  (TN  =  1)  the  current  will  be  doubled 
due  to  AR.  Consequently,  the  resistance  below 
the  superconductor  gap  will  be  reduced  to  RN/2. 
However,  at  a  non-ideal  interface,  due  to  an 
interface  barrier  such  as  a  Schottky  barrier  or  the 
Fermi  momentum  mismatch,  TN  is  usually  smaller 
than  unity,  thus  AR  can  be  largely  suppressed. 

In  our  case  the  resistance  dip  was  observed  at 
temperatures  below  Tc  and  at  biases  below  2  mV, 
which  is  approximately  consistent  with  2 A /e.  Fol¬ 
lowing  the  BTK  model  we  attribute  the  dip  to 
AR.  On  the  other  hand,  because  of  the  occur¬ 


rence  of  AR  one  might  deduce  TN  ~  1.  However, 
this  does  not  agree  with  the  value  determined  by 
the  experimental  RN  which  gives  a  much  smaller 
value,  TN  ~  0.04.  The  latter  was  determined  by 
comparing  RN(370  Q)  with  the  Sharvin  resist¬ 
ance  [13]  Rs=  14  Q  for  the  GaAs/AlGaAs 
2DEG.  We  explain  the  observation  of  AR  in  our 
system  with  a  large  RN  value  by  assuming  that 
AR  takes  place  at  a  small  part  of  the  interface 
which  is  highly  transparent.  We  speculate  that 
the  transparent  part  is  due  to  the  formation  of 
several  small  superconducting  islands  of  Pd^Sn^, 
induced  by  alloying.  Here  we  discussed  our  result 
by  naively  applying  the  BTK  model.  It  should  be 
pointed  out  that,  because  of  the  assumption  of  a 
delta  function  potential,  the  BTK  model  might 
not  apply  to  the  alloyed  contacts,  in  which  the 
interface  barrier  may  have  a  finite  thickness,  and 
may  be  inhomogeneous  laterally. 

The  observed  peaks  may  be  understood  by 
further  assuming  that  there  is  Josephson  coupling 
between  two  very  close  superconducting  islands 
in  a  superconducting  contact  region.  A  peak  may 
occur  each  time  the  applied  current  exceeds  a 
critical  current  of  the  two  coupled  islands.  As  we 
mentioned  before,  the  temperature  dependence 
of  the  biases  or  currents  corresponding  to  the 
peak  position  follows  that  of  the  BCS  gap.  In 
other  words,  it  differs  from  the  temperature  de¬ 
pendence  of  the  critical  current  for  a  Josephson 
junction  such  as  a  Sn-I-Sn  [14].  This  may  be  due 
to  complicated  configuration  of  the  supercon¬ 
ducting  islands.  Furthermore,  in  the  magnetic 
fields  a  critical  current  of  Josephson  junctions 
decreases  quickly  and  oscillates  with  the  field.  In 
Fig.  3  the  peaks  are  suppressed  by  weak  fields, 
but  they  do  not  give  oscillating  features  with  the 
field.  For  the  latter  it  is  not  clear  that  this  is  due 
to  a  large  magnetic  field  step  used  or  that  there 
are  no  oscillating  features. 

2.2.  InAs  /AlGaSb  quantum  well  structures 

In  this  part,  we  will  present  a  measurement  on 
a  different  system,  Nb-2DEG-Nb  using  an 
InAs /AlGaSb  quantum  well  structure.  There  are 
two  advantages  of  using  an  InAs  2DEG.  First, 
Schottky  barriers  are  not  present  at  Nb-InAs 
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Fig.  5.  The  differential  resistance  vs  bias  voltage  for  an  InAs 
Nb-2DEG-Nb  device,  measured  at  1.2  K.  Inset  gives  a 
schematic  cross-section  view  of  the  device.  The  separation 
between  two  Nb  electrodes  is  0.7  fim. 


interfaces  and  thus  highly  transparent  contacts 
may  be  expected.  Second,  the  fabrication  is  sim¬ 
ple  because  of  no  need  for  an  alloying  process. 
The  device  fabrication  is  summarized  as  follows; 
the  top  layers  of  GaSb  and  AlGaSb  were  first 
removed,  and  after  a  sputter  cleaning  of  the  InAs 
surface  two  superconducting  Nb  electrodes  were 
deposited  by  sputtering. 

Fig.  5  shows  the  differential  resistance  as  a 
function  of  bias  for  a  Nb-2DEG-Nb  device, 
measured  at  1.2  K.  The  device  is  illustrated 
schematically  in  the  inset.  The  separation  be¬ 
tween  the  two  Nb  electrodes  is  0.7  jim,  which  is 
smaller  than  /e  (~  1  /xm).  A  drop  of  the  resist¬ 
ance  with  a  value  of  ~  10%  RN  below  3  mV, 
corresponding  to  2 A,  is  due  to  AR.  A  feature 
observed  around  V=  1.5  mV,  may  be  subhar¬ 
monic  energy  gap  structure  [15]  due  to  multiple 
AR.  A  small  peak  occurs  around  zero  bias,  which 
has  not  yet  been  understood.  The  observed  RN  is 
around  30  ft,  close  to  the  Sharvin  resistance 
Rs  =  10  fl  for  the  InAs  2DEG.  We  therefore 
conclude  that  TN  is  high  although  it  may  not 
equal  unity.  This  explains  the  clear  observation  of 
AR  in  our  Nb-2DEG-Nb  devices  using  an 
InAs/AlGaSb  structure.  Similar  systems  using 
InAs  quantum  well  structures  have  also  been 
studied  recently  by  other  groups  [5,16]. 


3.  Conclusions 

In  summary,  S-2DEG-S  devices,  two  super¬ 
conductors  coupled  with  a  short  channel  GaAs/ 
AlGaAs  2DEG,  have  been  fabricated  success¬ 
fully.  Complicated  features  have  been  observed  in 
the  differential  resistance  of  the  devices  at  tem¬ 
peratures  below  4  K,  and  their  dependence  on 
temperature  and  magnetic  field  suggests  the  for¬ 
mation  of  superconducting  contacts  to  the  2DEG. 
The  superconductor  is  expected  to  be  Pd^Sn^ 
formed  during  alloying.  The  observed  resistance 
dip  around  zero  bias  may  be  a  result  of  Andreev 
reflection.  In  addition,  Nb-2DEG-Nb  devices 
using  an  InAs/AlGaSb  quantum  well  structure 
has  also  been  studied  and  a  drop  of  the  resistance 
below  the  superconductor  gap  is  a  clear  signature 
of  Andreev  reflection. 
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ELSEVIER 


Abstract 

Highly  transmissive,  superconducting  contacts  of  p m-scale  have  been  made  to  the  two-dimensional  electron  gas 
in  GaAs/AlGaAs  heterostructures,  in  combination  with  lateral  gate  structures.  We  present  results  of  resistance 
measurements  at  T  «  10  mK  on  a  sample  with  a  quantum  point  contact  between  two  superconducting  Sn/Ti 
contacts.  New  effects  due  to  phase-coherent  Andreev  reflection  have  been  observed.  The  conductance  is  found 
to  be  quantized  with  enhanced  steps  >  2 e*  jh,  which  is  attributed  to  Andreev  reflection.  At  zero  gate  voltage  an 
enhancement  of  weak  localization  by  Andreev  reflection  has  been  measured  for  the  first  time,  while  at  a  higher 
gate  voltage  indications  of  an  excess  conductance  due  to  reflectionless  tunneling  have  been  found. 


1.  Introduction 

The  properties  of  electrical  transport  in  low¬ 
dimensional  systems  are,  in  fact  per  defini¬ 
tion,  strongly  determined  by  the  boundaries.  It 
is  therefore  obvious  that  new  physical  effects 
will  be  encountered,  if  some  boundaries  can  be 
formed  by  superconductors.  Since  we  recently 
succeeded  in  making  superconducting,  highly 
transmissive  contacts  to  the  two-dimensional 
electron  gas  (2DEG)  in  GaAs/AlGaAs  het¬ 
erostructures  [  1  ] ,  it  is  now  possible  to  enter  this 
challenging  new  field  in  mesoscopic  physics. 

The  interest  in  coupling  superconductors  (S) 
to  semiconductors  (N)  is  by  now  more  than  a 
decade  old  [2] .  This  combination  opens  the  way 
to  three-terminal  devices  in  which  superconduct¬ 
ing  effects  can  be  modulated  by,  e.g.,  a  gate  volt- 
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age.  But  also  from  a  more  fundamental  point 
of  view  superconductor/semiconductor  systems 
are  very  interesting,  especially  if  the  semicon¬ 
ductor  is  phase-coherent  or  ballistic.  In  this  case 
the  electron  transport  can  be  conveniently  de¬ 
scribed  by  a  generalized  Landauer-Biittiker  for¬ 
malism  [3,4]. 

It  has  been  predicted,  that  the  critical  current 
in  a  superconducting  quantum  point  contact  will 
be  quantized  [5,6].  But  even  in  the  absence  of  a 
supercurrent  through  the  semiconductor,  new  ef¬ 
fects  caused  by  Andreev  reflection  are  expected 
[7,8].  An  electron  (from  N)  with  an  excitation 
energy  below  the  superconducting  gap  A  can¬ 
not  enter  the  superconductor,  because  there  are 
no  states  available.  The  incident  electron  can  be 
retroreflected  as  a  hole,  while  a  Cooper-pair  is 
created  in  the  superconductor.  Analogously,  an 
incident  hole  can  be  reflected  as  an  electron  at 
the  NS  interface.  The  probability  for  this  process 
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of  Andreev  reflection  is  strongly  dependent  on 
the  transmission  of  the  interface  [9].  In  particu¬ 
lar  at  interfaces  with  semiconductors  a  Schott- 
ky  barrier  can  introduce  normal  reflection  and 
decrease  the  probability  for  Andreev  reflection 
dramatically. 

Recently,  several  effects  at  or  near  NS  inter¬ 
faces  have  been  theoretically  described.  The  unit 
of  the  conductance  quantization  will  be  doubled 
(4 e2/h  instead  of  2e2/h)  in  a  quantum  point 
contact  near  an  ideal  NS  interface  due  to  An¬ 
dreev  reflection  [4].  The  measurement  of  an  ex¬ 
cess  conductance  that  is  described  in  Ref.  [10] 
has  been  attributed  to  phase-coherent  Andreev 
reflection  in  Refs.  [4,1 1  ].  To  observe  this  effect 
the  transmission  of  the  NS  interface  does  not 
have  to  be  very  high.  If  the  NS  interface  is  how¬ 
ever  very  transmissive,  it  is  predicted  that  weak 
localization  effects  in  the  N  region  will  be  en¬ 
hanced  by  Andreev  reflection  [4,12]. 

In  the  following,  besides  measurements  which 
show  an  excess  conductance,  we  will  also  discuss 
the  first  experimental  evidence  for  quantization 
of  the  conductance  with  enhanced  steps  and  for 
enhancement  of  weak  localization  by  Andreev 
reflection. 


2.  Sample  fabrication 

GaAs/AlGaAs  heterostructures  are  very  suit¬ 
able  for  studying  these  effects,  because  of  their 
high  mobility  2DEG  and  their  excellent  gat¬ 
ing  properties.  The  material  we  used  for  these 
experiments  was  grown  by  molecular  beam 
epitaxy  and  consists  of  a  GaAs  substrate  with 
a  4  jum  undoped  GaAs  layer,  a  40  nm  un¬ 
doped  Alo.33Gao.67As  spacer,  a  38  nm  n-doped 
Alo.33Gao.67  As  layer  and  a  1 7  nm  undoped  GaAs 
caplayer.  The  electron  mobility  is  110  m2/V  s 
and  the  electron  density  is  2.4  x  1015  m“2  (at 
r«5K). 

The  coupling  between  the  2DEG  and  a  su¬ 
perconductor  is  the  major  problem,  because  the 
2DEG  is  situated  typically  1 00  nm  below  the  sur¬ 
face  of  the  heterostructure.  The  diffusion  process 
which  we  developed  for  making  highly  transmis- 


Fig.  1.  The  differential  conductance  as  a  function  of  the 
gate  voltage  defining  the  quantum  point  contact. 


sive  superconducting  Sn/Ti  contacts  has  been 
described  elsewhere  [1,13]. 

The  sample  consists  of  two  10  ju m  wide  su¬ 
perconducting  Sn/Ti  contacts  at  a  distance  of 
800  nm  from  each  other.  In  the  space  between 
the  contacts  a  quantum  point  contact  (width  « 
150  nm,  length  «  90  nm)  is  situated.  Both  Sn/Ti 
contacts  end  in  two  bond  pads.  Four  larger  Sn/Ti 
contacts  are  added  at  the  corners  of  the  sample 
to  enable  test  measurements.  The  sample  is  sur¬ 
rounded  by  a  wide  gate  (a  “moat  gate”)  for  de¬ 
vice  isolation.  All  three  patterns  (contacts,  wide 
gate  and  quantum  point  contact)  were  defined 
by  electron  beam  lithography  and  aligned  by  au¬ 
tomatic  marker  search  on  especially  prepared 
gold  markers  (with  an  inaccuracy  below  30  nm). 


3.  Results 

The  differential  conductance  of  the  SNS  sys¬ 
tem  as  a  function  of  the  voltage  on  the  gate  defin¬ 
ing  the  quantum  point  contact  is  presented  in 
Fig.  1 .  Clearly,  it  can  be  seen  that  the  conduc¬ 
tance  is  quantized  in  units  larger  than  2 e2/h. 
This  is  especially  remarkable,  since  in  normal 
quantum  point  contacts  the  plateaus  are  below 
the  theoretical  quantization  values  because  of 
a  series  resistance.  In  this  case  even  the  uncor¬ 
rected  measured  plateaus  are  above  the  values 
from  the  normal  theory.  We  attribute  this  to  An¬ 
dreev  reflection. 
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V  (mV) 

Fig.  2.  The  normalized  differential  resistance  at  Vg  =  0  mV 
as  a  function  of  the  bias  voltage  for  several  magnetic  fields. 

The  effect  is  very  sensitive  to  magnetic  fields. 
Already  the  remanent  field  of  the  superconduct¬ 
ing  magnet  (of  tens  ofmT)  can  destroy  it.  TheZ?- 
values  are  the  applied  fields;  the  remanent  field 
is  not  known.  Note  that  for  B  =  0  T  the  steps 
are  approximately  equidistant.  This  means  that 
there  is  no  series  resistance  of  importance.  At 
magnetic  fields  in  the  order  of  0. 1  T  or  larger 
the  series  resistance  begins  to  increase  signifi¬ 
cantly.  This  could  be  explained  by  a  suppression 
of  phase-coherent  Andreev  reflection.  Around 
B  —  IT  the  conductance  seems  to  be  quantized 
in  units  of  e2jh,  because  the  spin  degeneracy  is 
lifted. 

The  dF/dZ-F-curves  are  strongly  dependent 
on  the  gate  voltage,  as  can  be  seen  by  compar¬ 
ing  Figs.  2  and  3  at  gate  voltage  Vg  =  0  mV  with 
Fig.  4  at  Vg  —  -890  mV.  In  Fig.  2  the  normalized 
dF/d/-F-characteristics  at  zero  gate  voltage  are 
presented,  below  4  K  (Fig.  3).  Here  a  sharp  re¬ 
sistance  peak  exists  around  zero  voltage,  which 
we  believe  is  due  to  Andreev  reflection  enhanced 
weak  localization.  This  peak  disappears  rapidly 
in  magnetic  fields  below  0.04  T.  This  shows  that 
the  effect  is  suppressed,  if  time  reversal  symme¬ 
try  is  broken.  When  temperature  increases,  the 
peak  becomes  smaller  and  smaller  and  has  dis¬ 
appeared  completely 

When  the  enhancement  of  the  weak  localiza¬ 
tion  is  suppressed,  the  sign  of  the  temperature 
dependence  becomes  slightly  positive  instead  of 
negative.  Besides  by  increased  temperature,  a 
DC  voltage,  and  a  magnetic  field,  this  suppres¬ 


sion  can  also  be  achieved  by  a  voltage  on  the 
gate.  The  occurrence  of  enhanced  weak  localiza¬ 
tion  requires  that  the  NS  interface  is  practically 
barrier-free  [  12].  By  means  of  the  gate  voltage  a 
potential  barrier  can  be  induced,  and  the  trans¬ 
mission  is  lowered. 

Fig.  4  shows  some  dF/d/-F-characteristics 
at  a  gate  voltage  of  Vg  =  -890  mV  for  differ¬ 
ent  magnetic  fields.  For  low  magnetic  fields  the 
curve  shows  now  a  resistance  dip  around  zero 
bias,  which  is  suppressed  in  higher  fields  or  at 
higher  temperatures  (T  «  1  K).  This  excess  con¬ 
ductance  can  be  explained  by  reflectionless  tun¬ 
neling  and  can  arise  due  to  the  reduced  trans¬ 
mission  [12].  Probably  this  is  the  same  effect  as 
described  in  Ref.  [10],  but  now  measured  in  a 
GaAs/AlGaAs  heterostructure. 


4.  Conclusions 

We  have  observed  new  effects  due  to  phase- 
coherent  Andreev  reflection.  The  conductance  of 
the  quantum  point  contact  is  quantized  in  units 
larger  than  2 e2/h.  Enhancement  of  weak  local¬ 
ization  by  Andreev  reflection  has  been  measured 
at  zero  gate  voltage.  This  can  be  suppressed  by 
increased  temperature,  a  DC  voltage  and  a  small 
magnetic  field,  but  also  by  a  gate  voltage.  At  a 
gate  voltage  of  —890  mV  indications  for  an  ex¬ 
cess  conductance  due  to  reflectionless  tunneling 
have  been  found.  The  occurrence  of  enhanced 
weak  localization  shows  again  that  the  supercon- 


V  (mV) 

Fig.  3.  The  differential  resistance  at  V%  =  0  mV  as  a  function 
of  the  bias  voltage  at  several  temperatures. 
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Fig.  4.  The  differential  resistance  at  V%  =  -890  mV  as  a 
function  of  the  bias  voltage  for  several  magnetic  fields. 

ducting  contacts  we  have  made  are  very  trans¬ 
missive  and  thus  very  suitable  to  study  phase- 
coherent  and  ballistic  effects  in  SNS  structures. 
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Abstract 

We  discuss  magnetoconductance  fluctuations  in  a  ~1  /Am  GaAS/Al^Ga^As  quantum  dot  in  the  shape  of  a 
chaotic  stadium  billiard  with  point  contact  leads.  Here  we  emphasize  measurements  carried  out  in  the  tunneling 
regime,  where  each  lead  carries  less  than  one  fully  conducting  channel.  We  discuss  various  crossover  phenomena  as 
the  magnetoconductance  fluctuations  evolve  from  aperiodic  structure  at  low  fields  (B  <  0.5  T)  into  periodic, 
Aharonov-Bohm-like  oscillations  at  higher  fields. 


1.  Introduction  nels  [1-8].  At  low  temperatures  these  structures, 

so-called  quantum  dots  or  Coulomb  islands,  show 
Over  the  last  few  years,  the  transport  of  elec-  significant  fluctuations  in  their  conductance  as  a 

trons  through  small  confined  geometries  has  function  of  applied  magnetic  field  or  Fermi  en- 

proven  to  be  a  remarkably  rich  experimental  sys-  ergy  (which  can  be  controlled  via  gate  voltages), 

tern,  despite  the  apparent  simplicity  of  the  physi-  Depending  on  the  regime  under  investigation,  a 

cal  situation:  an  island  of  electrons  -  for  instance,  number  of  physical  mechanisms  -  indeed,  often 

a  gate-confined  two-dimensional  electron  gas  wholly  different  physical  pictures  -  have  been 

(2DEG)  in  a  semiconductor  heterostructure  -  is  invoked  to  explain  these  fluctuations.  For  in- 

connected  to  reservoirs  of  bulk  2DEG  via  quan-  stance,  in  open,  multichannel  disordered  meso- 

tum  point  contacts  which  serve  as  quasi- ID  chan-  scopic  systems,  quasi-random  conductance  fluctu¬ 

ations  with  universal  rms  amplitude  ~  e2/h  — 
(25.8  kD)"1  are  understood  in  terms  of  quantum 
— -  ,.  ,,  interference  of  phase  coherent  electrons  follow- 
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Sity,  Stanford  CA  94305-4060,  USA.  in  nearly  isolated  quantum  dots  (Gdot  <§c  e2/h\ 
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conductance  fluctuations  due  to  Coulomb  block¬ 
ade  are  associated  with  the  discrete  nature  of  the 
electronic  charge;  phase  coherence  is  not  gener¬ 
ally  considered  central  to  this  effect  [4]. 

To  date,  most  magnetotransport  experiments 
in  quantum  dots  in  the  tunneling  regime  (Gdot  < 
e2/h)  have  been  carried  out  at  relatively  large 
magnetic  fields,  where  transport  becomes  simpler 
due  to  the  formation  of  edge  states.  At  fields 
above  a  few  tesla,  edge  states  become  electrically 
isolated  from  one  another,  and  each  becomes 
subject  to  Coulomb  blockade.  At  small  magnetic 
fields,  i.e.,  prior  to  the  formation  of  well  sepa¬ 
rated  edge  states,  this  picture  breaks  down:  in  the 
low-field  tunneling  regime,  transport  in  quantum 
dots  becomes  a  complicated  problem  involving  an 
interplay  of  charging,  quantum  interference,  and, 
for  ballistic  devices  -  structures  in  which  the 
elastic  mean  free  path  £  exceeds  all  device  di¬ 
mensions  -  a  sensitivity  to  the  confining  geometry 
[10]. 

This  paper  describes  magnetoconductance 
measurements  in  a  ~  1  jam  ballistic  GaAs/ 
Al^Ga^As  quantum  dot  in  the  shape  of  a  sta¬ 
dium  billiard  (Fig.  la)  with  magnetic  field  applied 
perpendicular  to  the  plane  of  the  dot,  at  a  refrig¬ 
erator  temperature  of  16  mK.  The  range  of  mag¬ 
netic  fields  investigated  covers  B  =  0  to  B  ~  2.2 
T.  To  characterize  the  observed  conductance 


Fig.  1.  (a)  Electron  micrograph  of  the  stadium  quantum  dot, 
with  1  ju,m  bar  for  size  scale,  (b)  Schematic  picture  of  electron 
trajectories  inside  of  the  stadium,  indicating  the  effect  of 
increasing  magnetic  field.  For  the  dot  in  (a)  these  trajectories 
correspond  to  B  =  0,  0.17,  and  1.4  T,  from  top  to  bottom. 


fluctuations,  we  identify  various  crossover  fields 
in  going  from  low  to  high  magnetic  field.  It  is  also 
significant  that  these  measurements  were  carried 
out  in  the  barely-tunneling  regime,  Gdoi<e2/h , 
which  is  itself  an  interesting  crossover  regime.  As 
described  below,  the  barely-tunneling  regime  is  of 
particular  interest  in  extending  the  applicability 
of  semiclassical  methods  to  problems  in  quantum 
chaos  [11-13]. 

We  are  not  suggesting  that  the  low-field  regime 
is  uncharted  territory  in  mesoscopic  conductance 
studies.  On  the  contrary,  fluctuations  at  low  fields 
have  been  widely  investigated  experimentally 
[14-16]  and  theoretically  [9,17]  in  disordered  met¬ 
als  and  semiconductors,  where  the  motion  along 
at  least  one  spatial  direction  is  diffusive.  How¬ 
ever,  little  is  known  about  the  low-field  regime  in 
either  ballistic  devices  or  in  tunneling  quantum 
dots.  Recent  experiments  [5],  as  well  as  numerics 
and  semiclassical  theory  [18,19],  indicate  that 
magnetoconductance  of  open,  ballistic  dots  with 
multichannel  leads  show  aperiodic  fluctuations  at 
low  magnetic  fields,  much  like  what  is  seen  in 
disordered  mesoscopic  samples,  though  appar¬ 
ently  not  requiring  disorder  to  produce  the  effect. 
For  ballistic  structures  in  general,  the  source  of 
“randomness”  that  gives  rise  to  aperiodic  fluctua¬ 
tion  is  chaotic  scattering  from  the  walls  of  the 
device. 

The  underlying  connection  between  chaos  and 
aperiodic  conductance  fluctuations  has  been  ad¬ 
dressed  recently  within  a  semiclassical  theoretical 
model  [18],  according  to  which  electrons  follow 
classical  trajectories  but  carry  phase  information 
allowing  for  quantum  interference.  The  semiclas¬ 
sical  approach  is  only  appropriate  for  multichan¬ 
nel  leads  and  so  is  of  questionable  applicability 
for  quantum  dots  in  the  tunneling  regime.  This 
requirement  of  multichannel  leads  can  be  under¬ 
stood  by  comparing  the  characteristic  escape  time 
resc  from  the  scattering  region  with  the  character¬ 
istic  quantum  time  scale  th  =  h/A,  where  A  is 
the  mean  energy  level  spacing.  Generally,  a  semi¬ 
classical  approach  is  appropriate  on  time  scales 
short  compared  to  th  [11].  In  the  semiclassical 
regime,  the  ratio  of  escape  time  to  quantum  time 
is  given  by  resc/rH  =  2ir(Na  +  Nb)~l,  where  Na 
and  Nh  are  the  number  of  channels  in  leads  a 
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and  b.  This  expression  shows  that  as  the  number 
of  channels  decreases,  one  necessarily  leaves  the 
semiclassical  regime,  independent  of  the  size  of 
the  quantum  dot.  An  equivalent  statement  in 
terms  of  energy  is  that  there  is  a  crossover  from 
overlapping  to  isolated  resonances  as  the  leads 
become  single  channel,  independent  of  dot  area, 
and  that  a  semiclassical  approach  is  applicable 
only  in  the  regime  of  overlapping  resonances  [11]. 

The  standard  theoretical  approaches  to  disor¬ 
dered  mesoscopic  systems  [9]  are  of  uncertain 
applicability  to  transport  in  ballistic  quantum  dots 
for  several  reasons.  First,  these  methods  assume 
diffusive  transport  in  at  least  one  spatial  direc¬ 
tion.  Second,  many-body  effects  such  as  charging 
are  generally  not  taken  into  account.  Third,  by 
assuming  diffusive  transport  one  effectively 
equates  the  time  required  for  a  trajectory  to 
become  well  mixed  (ergodic),  rerg,  with  the  es¬ 
cape  time,  i.e.  the  time  to  diffuse  through  the 
system  rdm  =  h/Ec,  where  Ec  is  the  Thouless 
energy.  In  a  ballistic  quantum  dot,  these  two 
times  are  not  the  same  -  either  may  be  larger  - 
with  the  ratio  depending  on  the  geometry  of  the 
dot  and  the  size  of  the  openings.  Finally,  one  is 
unable  to  investigate  non-generic  features  in 
transport  by  these  methods:  all  trajectories  and 
all  regions  of  phase  space  are  taken  to  be  equiva¬ 
lent  so  that  structure  associated,  for  instance, 
with  weakly  unstable  periodic  orbits  in  a  ballistic 
dot  [5]  -  the  analog  of  wave  function  scars  in 
closed  systems  [20]  -  are  not  revealed.  Inciden¬ 
tally,  this  last  limitation  also  applies  to  random 
matrix  approaches  [21]:  only  generic  transport 
features  associated  with  a  particular  matrix  en¬ 
semble,  or  physical  symmetry,  are  explored. 

What  the  above  discussion  intends  to  make 
clear  is  that  the  physics  of  conductance  fluctua¬ 
tions  in  tunneling  quantum  dots  occupies  a  poorly 
understood  middle  ground  lying  between 
Coulomb  blockade  systems,  edge  state  systems, 
and  disordered  mesoscopic  systems.  The  rest  of 
the  paper  is  organized  as  follows:  Section  2  gives 
experimental  details  and  parameters;  Section  3 
presents  low-field  behavior;  Section  4  discusses 
the  crossover  from  aperiodic  to  periodic  conduc¬ 
tance  oscillations,  comparing  semiclassical,  quan¬ 
tum,  and  charging  pictures.  Finally,  in  Section  5, 


we  point  out  a  possible  detection  of  multiple  edge 
states  and  compare  the  observed  conductance 
oscillations  to  an  electrostatic  model  of  edge 
states  presented  recently  by  Chklovskii,  Shklovskii 
and  Glazman  (CSG)  [22]. 

2.  Experimental  details 

Magnetoconductance  was  measured  in  a  ballis¬ 
tic  quantum  dot  in  the  shape  of  a  stadium  billiard 
with  two  point  contact  leads,  shown  in  Fig.  la. 
Fabrication  of  the  stadium  dot,  along  with  a 
similar  circular  dot  on  the  same  sample,  has  been 
described  previously  [5].  The  pair  of  dots  were 
fabricated  on  an  Al0  3Ga0  7As  heterostructure  us¬ 
ing  Cr/Au  (20  A/80  A)  gates  patterned  via  elec¬ 
tron-beam  lithography  and  standard  liftoff  tech¬ 
niques.  The  total  distance  from  electron  gas  layer 
to  the  surface  is  420  A,  with  a  Si  5-doping  layer 
(Nd  =  6  X  1012  cm"2)  set  back  200  A  from  the 
electron  gas  layer.  After  lithographic  processing, 
a  mobility  fi  of  265  000  cm2/ V  •  s  and  a  sheet 
density  n  of  3.8  X  10 11  cm-2  was  measured  at  16 
mK  with  all  gates  shorted  to  the  electron  gas,  and 
the  sample  cooled  in  the  dark.  We  infer  a  slightly 
lower  sheet  density  of  ~  3.6  X  10 11  cm-2  within 
the  dot  based  on  an  amplitude  modulation  of 
conductance  oscillations  at  fields  above  1  T.  The 
modulation  is  periodic  in  1/B,  and  presumably 
corresponds  to  Landau  levels  in  the  dot  passing 
through  the  Fermi  surface,  and  so  provides  a 
measure  of  the  density  within  the  dot.  The  value 
n~ 3.6  X 1011  cm"2  is  also  consistent  with  a 
characteristic  resistance  dip  assumed  to  be  due  to 
curved  trajectories  aimed  directly  from  one  lead 
to  the  other  (this  feature  is  visible  in  Fig.  3 
around  B  «  0.5  T,  and  also  in  Fig.  1  of  Ref.  [5] 
for  the  circular  dot).  The  elastic  (transport)  mean 
free  path  is  2.6  ^m.  The  lithographic  size  of 
the  dot,  as  measured  from  SEM  micrographs,  is 
0.58  jum  X  1.25  ^m. 

The  conductance  of  the  leads  can  be  adjusted 
via  the  applied  gate  voltage,  typical  gate  voltages 
are  Vg  ~  -  0.6  V.  Unfortunately,  the  design  of  the 
present  structure  does  not  allow  the  conduc¬ 
tances  of  the  two  point  contacts  to  be  individually 
tuned.  Measurements  were  carried  out  in  a  dilu- 
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Fig.  2.  (a)  Conductance  gdot(B )  of  the  stadium  dot  at  16  mK 
as  a  function  of  perpendicular  magnetic  field,  B.  (b)  Autocor¬ 
relation  function  C(A/?)  (defined  in  text)  of  conductance 
fluctuations,  with  C(0)  -  var[6g(B)].  Inset  shows  C(A5)  for 
small  A  B.  (c)  Average  power  spectrum  of  fluctuations  over 
the  range  shown  in  (a).  Error  bars  are  small  due  to  averaging, 
which  also  reduces  frequency  resolution. 


tion  refrigerator  using  standard  ac  lock-in  tech¬ 
niques  with  an  11  Hz  current  bias.  The  voltage 
drop  across  the  sample  was  kept  below  2  /jlV  in 
all  runs  to  avoid  excessive  heating  of  the  elec¬ 
trons.  Voltages  were  measured  in  a  four-probe 
configuration,  but  because  nearly  all  of  the  volt¬ 
age  was  dropped  across  the  two-lead  sample,  the 
magnetoconductance  approximately  satisfies  the 
two-probe  symmetry,  G(B)  = 


3.  Aperiodic  fluctuations  at  low  field 

Fig.  2a  shows  the  magnetoconductance  of  the 
dot  gdoi(B )  -  ( h/e2)Gdot(B )  as  a  function  of  ap¬ 
plied  perpendicular  magnetic  field.  The  mean 
conductance  is  gdot  ~  0.75.  At  low  fields,  before 
the  formation  of  edge  states,  the  mean  conduc¬ 
tance  of  the  dot  gdot  can  be  related  to  mean 
conductances  of  the  individual  point  contacts  a 
and  b  by  the  resistors-in-series  form,  gdot  ~ 
SjbAs^gb)  121  Here,  averages  are  over  B , 
within  a  suitably  small  range  where  the  average 
does  not  change  very  much.  For  equally  opened 


point  contacts,  ga=gb-g,  this  gives  gdot=g/2. 
For  single-channel  leads,  each  with  transmission 
probability  T,  the  mean  conductance  through  the 
dot  is  simply  given  by  gdot  =  T.  Thus,  assuming 
equal  leads,  we  take  the  requirement  to  be  in  the 
tunneling  regime  as 

gdot  <  1  tunneling  regime  (equal  leads).  (1) 

For  unequal  leads,  say  with  a  ratio  of  conduc¬ 
tances  k  >  1,  this  tunneling  condition  becomes 
gdot  <  2/(k  +  1).  As  an  example,  if  the  conduc¬ 
tances  of  the  two  leads  differ  by  a  factor  of  1.5, 
the  tunneling  condition  becomes  gdot  <  0.8.  This 
condition  simply  assures  that  both  leads  have 
conductance  less  than  unity.  By  this  criterion  it  is 
reasonable  to  identify  the  data  in  Fig.  2a  as  in  the 
weakly  tunneling  regime. 

The  conductance  fluctuations  in  Fig.  2a  are 
very  similar  in  appearance  to  what  is  seen  when 
the  leads  are  opened  and  carry  several  channels 
each.  To  the  eye,  the  fluctuations  appear  aperi¬ 
odic,  though  maintaining  the  rough  symmetry 
gdot(B)  =  gdot(-B).  The  data  do  not  show  a  large 
ballistic  weak  localization  feature  as  seen  in  the 
more  open  structures.  The  dependence  of  ballis¬ 
tic  weak  localization,  i.e.  quantum-enhanced 
backscattering,  on  the  degree  of  openness  of  the 
dot  has  not  yet  been  studied  in  detail.  The  fluctu¬ 
ating  part  of  the  conductance  8g(B)  is  separated 
from  the  background  conductance  of  ~gdot  by 
subtracting  a  smooth  (cubic  polynomial)  fit  to 
g(B).  The  autocorrelation  of  the  resulting  fluctu¬ 
ations,  C(AB)  =  [8g(B  +  AB)dg(B)],  is  shown 
in  Fig.  2b.  A  close-up  of  the  small  iSB  region, 
shown  in  the  inset  of  Fig.  2b,  indicates  that  the 
fluctuations  have  a  correlation  length  of  ~  4 mT 
which  is  of  the  order  of,  but  smaller  than  the  field 
associated  with  one  flux  quantum  through  the 
dot,  which  is  (<£>0/dot  area)  ~  9 mT.  Away  from 
AjB-O,  C(A5)  shows  large  fluctuations  which 
may  be  related  to  non-generic  small-area  trajec¬ 
tories  within  the  structure.  In  principle,  these 
features  in  C(AB)  provide  an  effective  “area 
spectroscopy”  of  the  stadium.  Fig.  2c  shows  the 
averaged  power  spectrum  S(f )  of  the  fluctua¬ 
tions,  where  /  is  the  magnetic  frequency  in  units 
of  cycles/T.  The  spectrum  shown  is  computed  by 
averaging  62  FFT  power  spectra  from  half-over- 
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lapping  128-point  segments  covering  the  range  in 
Fig.  2a,  using  Blackman-Harris  third-order  win¬ 
dowing.  Assuming  that  the  fluctuations  do  not 
change  their  statistics  over  the  range  investigated, 
the  power  spectrum  S(f )  will  be  equivalent  to 
the  Fourier  transform  of  C(A£).  Empirically,  the 
power  spectrum  is  exponential  over  four  orders 
of  magnitude  in  power, 

«S(/)»S0e-^,  (2) 

with  a  least-squares  fit  to  In (£(/)),  giving  /0  =  50 
cycles/T.  S(f )  reaches  the  noise  floor  at  a  mag¬ 
netic  frequency  of  ~500  cycles/T,  roughly  5 
times  the  frequency  associated  with  one  flux 
quantum  through  the  area  of  the  dot:  /dot  = 
area/<2>0  =  108  cycles/T.  This  suggests  that  the 
exponential  spectrum  includes  phase  coherent 
trajectories  with  areas  up  to  ~  5  times  the  area 
of  the  dot  due  to  multiple  bounces  within  the 
structure.  The  exponential  form  is  similar  to  what 
one  expects  based  on  a  semiclassical  model  of 
chaotic  scattering  [18],  but  not  exactly:  semiclassi- 
cally,  the  theoretical  result  is  slightly  concave 
down  on  a  log  scale,  Ssc(f)  =  S0 (1  +///0) 
where  f0=Ae sc/^o  and  Aesc  characterizes  the 
classical  distribution  of  areas  swept  out  by  trajec¬ 
tories  before  escaping  from  the  billiard,  P(A) » 
g-A/AesC'  ]n(jee(jj  when  the  leads  of  the  stadium 
dot  carry  several  channels  -  here  one  expects  the 
semiclassical  model  to  apply  -  the  experimental 
spectra  are  better  fit  by  the  semiclassical  form 
than  by  the  straight  exponential  [5].  In  the  weak 
tunneling  regime,  the  spectrum  reflects  a  relative 
enhancement  of  long  dwell  times  compared  to 
the  semiclassical  regime.  Theoretically  expected 
forms  for  S(f)  in  the  tunneling  regime  -  ignoring 
the  effects  of  charging  -  have  been  calculated 
[23],  and  reveal  a  relative  enhancement  of  the 
high-frequency  part  of  the  spectrum  in  the  tun¬ 
neling  regime  in  agreement  with  our  observa¬ 
tions. 

Because  the  stadium  billiard  is  chaotic  in  the 
absense  of  disorder,  one  would  not  expect  a  mod¬ 
erate  degree  of  disorder  -  inevitable  in  real  de¬ 
vices  -  to  qualitatively  affect  the  above  observa¬ 
tions.  Moderate  disorder  in  the  static  potential 
felt  by  the  electrons  will  only  further  randomize 
the  already  chaotic  trajectories. 


4.  Crossover  from  aperiodic  to  periodic 
oscillations  at  larger  magnetic  field 

As  the  applied  magnetic  field  is  swept  to  above 
~  0.5  T,  the  aperiodic  structure  seen  at  low  fields 
is  replaced  by  a  nearly  periodic  oscillatory  struc¬ 
ture,  as  seen  in  Fig.  3.  At  intermediate  fields,  0.5 
T  <  B  <  1  T,  the  oscillations  still  have  a  large 
amplitude  variation  which  becomes  more  regular 
above  B  ~  IT. 

A  simple  semiclassical  picture  which  accounts 
for  the  transition  at  B  ~  0.5  T  is  shown  schemati¬ 
cally  in  Fig.  lb:  as  the  magnetic  field  increases, 
the  classical  cyclotron  radius  rcycI  =  <£0/AFB  ~ 
100  nm /B[T]  shrinks,  becoming  smaller  than  the 
minimum  radius  of  curvature  pm]n  of  the  dot.  At 
this  point,  electrons  no  longer  scatter  chaotically 
within  the  dot  but  instead  move  in  orderly  skip¬ 
ping  orbits  around  the  edges  [24],  as  shown 
schematically  in  the  bottom  panel  of  Fig.  lb. 
Once  this  condition  is  satisfied,  the  dot  behaves 
essentially  as  a  ring,  and  one  should  expect  peri¬ 
odic  Aharonov-Bohm  oscillations  [1,25].  The 
semiclassical  critical  field  where  this  transition 
occurs  is 

^sc  =  ^o/^FPmin?  (8) 

which  for  our  dot  gives  Bsc  =  0.46  T,  where  we 
use  pmin  =  0.22  pm,  assuming  a  depletion  width 
of  75  nm  (the  value  75  nm  is  discussed  below). 
This  semiclassical  prediction  for  the  critical  field, 
Eq.  (3),  appears  consistent  with  the  data  in  Fig.  3. 


Fig.  3.  The  entire  crossover  from  low  to  high  field  fluctuations 
is  visible  in  this  plot  of  resistance  R(B )  versus  field  B  from 
B  =  0-2  T.  Insets  show  resistance  at  low  field,  B  <  0.2  T, 
exhibiting  aperiodic  fluctuations  and  at  intermediate  field, 
£  «  1.5  T,  where  the  fluctuations  are  periodic. 
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There  are  a  number  of  other  characteristic 
magnetic  fields  which  also  might  reasonably  be 
considered  as  indicating  the  onset  of  “the  edge 
state  regime”.  For  instance,  Glazman  and  Jonson 
[26]  considered  the  model  problem  of  edge  states 
moving  in  a  non-disordered,  hard-wall  potential 
characterized,  as  above,  by  a  single  radius  of 
curvature.  They  introduced  the  notion  of  a  global 
adiabatic  regime  which  exists  at  a  sufficiently 
high  magnetic  field  that  scattering  between  edge 
states  induced  by  the  curvature  of  the  wall  is 
suppressed.  Treating  the  case  of  a  soft  step  with 
radius  of  curvature  p,  they  find  the  critical  field 
at  which  the  scattering  between  all  occupied  edge 
states  is  suppressed, 

Ba  =  B *  [0.23  ln(2irp/AF)]  ,/2(  AF/p) ,  (4) 

where  B*  =  hk\/2e  is  a  characteristic  field  re¬ 
lated  to  Landau  level  depopulation.  Applying  this 
result  to  our  stadium  dot,  we  set  p  =  pmin  =  0.22 
p,m  in  Eq.  (4)  and  find  Bg]  =  1.3  T.  The  charac¬ 
teristic  field  BgX  has  a  different  physical  signifi¬ 
cance  than  Bsc  found  above:  Bsc  indicates  the 
field  above  which  electrons  move  around  the 
edges  in  skipping  orbits,  all  cutting  roughly  equal 
areas;  Bg]  indicates  the  field  above  which  elec¬ 
trons  are  not  scattered  from  one  edge  state  to 
another. 

In  the  field  range  1 .2-1.4  T,  we  observe  an 
interesting  beating  phenomenon  which  may  be 
related  to  entering  a  global  adiabatic  regime.  We 
speculate  that  in  this  region,  two  marginally  inde¬ 
pendent  edge  states  participate  in  transport,  each 
giving  rise  to  Aharonov-Bohm  oscillations  with 
differing  periods.  Periods  differ  because  the  edge 
states  reside  at  different  distances  from  the  edge 
of  the  dot  and,  therefore,  cut  different  areas.  The 
region  of  interest  is  shown  in  Fig.  4a,  along  with 
the  power  spectrum  of  8g(B)  (Fig.  4b)  which 
covers  the  same  field  range  as  in  Fig.  4a.  In 
Section  5  we  apply  the  analysis  of  CSG  [22]  to 
determine  the  approximate  locations  and 
Aharonov-Bohm  frequencies  of  the  edge  chan¬ 
nels,  and  find  them  to  be  roughly  consistent  with 
Fig.  4b.  Fig.  4c  shows  similar  beating  observed  in 
the  circular  quantum  dot,  also  in  the  tunneling 
regime.  In  the  case  of  the  circle,  the  beating  is 
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Fig.  4.  (a)  Beating  between  two  frequencies  in  the  stadium  dot 
observed  at  B  =  1.2- 1.4  T,  (b)  the  power  spectrum  (unaver¬ 
aged  FFT  with  Hann  windowing)  of  the  conductance  fluctua¬ 
tions  over  the  field  range  shown  in  (a),  (c)  Similar  beating  is 
also  observed  in  a  circular  quantum  dot  [5]  at  lower  fields 
than  for  the  stadium,  (d)  The  circle  data  show  at  least  three 
distinct  peaks  in  the  power  spectrum. 


observed  at  a  lower  field,  T  ~  0.6-0.9  T,  and 
contains  at  least  three  distinct  spectral  compo¬ 
nents.  We  note  that  while  the  circle  and  stadium 
quantum  dots  investigated  have  roughly  equal 
areas,  the  minimum  radius  of  curvature  for  the 
circle  is  considerably  larger,  p££cIe)  =  0.38  and, 
correspondingly,  #5ircle)  is  smaller.  From  Eq.  (4), 
we  estimate  5^irc* e) « 0.82,  which  is  consistent 
with  the  range  where  beating  is  seen  in  the  circle. 

So  far  we  have  ignored  the  role  of  charging, 
despite  the  fact  the  tunneling  regime  is  where 
Coulomb  blockade  effects  are  most  important. 
We  believe  we  can  ignore  charging  in  the  data 
presented  above  for  two  reasons.  First,  we  are 
sweeping  magnetic  field  rather  than  gate  voltage, 
so  the  total  number  of  electrons  within  the  dot  is 
not  changing.  Second,  we  are  still  at  relatively  low 
fields,  so  the  insulating  barriers  that  prevent  elec¬ 
trostatic  equilibration  between  Landau  levels  are 
not  very  effective.  On  the  other  hand,  if  we  wish 
to  be  more  quantitative,  for  instance  to  find  where 
in  the  dot  edge  states  reside,  we  need  to  consider 
the  electrostatics  of  the  dot.  This  analysis  will 
also  allow  us  to  estimate  one  more  magnetic  field 
scale  which  appears  at  yet  higher  fields  than 
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considered  above:  the  field  at  which  the  insulat¬ 
ing  regions  between  edge  states  become  suffi¬ 
ciently  large  that  tunneling  between  edge  states 
(as  opposed  to  scattering)  is  suppressed.  At  this 
characteristic  scale,  which  we  term  BCou[ ,  individ¬ 
ual  bound  edge  states  become  electrically  isolated 
and  so  are  subject  to  Coulomb  blockade. 


5.  Electrostatics  of  edge  states  in  the  stadium  dot 

In  this  section  we  apply  the  analysis  of  CSG 
[22]  to  the  stadium  dot  and  extract  two  quantities 
relevant  to  the  data  presented  above.  First,  by 
considering  the  locations  and  corresponding  ar¬ 
eas  of  the  set  of  edge  states  as  a  function  of  field, 
we  estimate  the  expected  frequencies  of 
Aharonov-Bohm-like  conductance  oscillations 
associated  with  individual  edge  states.  We  then 
compare  these  estimates  with  the  stadium  power 
spectrum,  Fig.  4b.  Second,  because  CSG  also 
derive  an  expression  for  the  widths  of  the  insulat¬ 
ing  regions  between  edge  states,  we  can  identify  a 
field  scale  above  which  the  insulating  regions 
become  wider  than  the  magnetic  length  /B  = 


( h/eB)1/ 2.  We  identify  this  field  as  £?Cou, ,  the 
crossover  field  where  tunneling  between  edge 
states  becomes  strongly  suppressed. 

CSG  extend  the  one-electron  model  of  edge 
channels  by  noting  that  near  the  edge  of  the 
2DEG,  the  electron  density  profile  n(x)  is  pri¬ 
marily  determined  by  electrostatics  of  the  con¬ 
fined  electrons.  Within  this  picture,  the  magnetic 
field  acts  as  a  perturbation  of  the  zero-field  charge 
distribution,  with  edge  state  locations  determined 
accordingly.  Furthermore,  they  treat  the  electro¬ 
statics  problem  self-consistently,  so  that  regions 
with  partially  filled  Landau  levels  act  as  metallic 
regions  and  screen  potential  gradients,  while  re¬ 
gions  with  integer  filling  factor  act  as  insulating 
regions.  These  arguments  are  essentially  those 
used  by  McEuen  et  al.  [4]  in  their  analysis  of  the 
addition  spectrum  of  a  small  quantum  dot  in  high 
fields.  CSG  define  a  length  scale  l  =  Vge/4i rn0e 
characterizing  the  self-consistent  density  profile, 
and  show  that  in  zero  field  the  density  n(x) 
varies  according  to 

(x-l\1/2 

•  <5) 


B(T) 


Fig.  5.  (a)  Distances  /  +  xk(B)  between  the  gate  and  edge  state  borders.  Upper  inset  shows  edge  state  bands  separated  by  insulating 
gaps;  lower  inset  shows  the  zero-field  density  along  the  cut  A-B,  indicating  the  relative  size  of  the  depletion  region  and  the  density 
curvature,  based  on  Eq.  (5).  (b)  Aharonov-Bohm  frequencies  associated  with  edge  state  borders,  (c)  Widths  of  insulating  regions  ak 
as  a  function  of  field  for  k  =  1-5.  Also  shown  is  the  magnetic  length.  BCoul  is  defined  by  the  condition  a/B)  =  l B. 


CM.  Marcus  et  al.  /  Surface  Science  305  (1994)  480-489 


487 


saturating  to  the  value  ndot  at  large  distances 
from  the  edge.  Using  our  experimental  values 
Vg=  -0.61  V  and  n  =  ndot  =  3.6  X  1011  cm"2,  we 
find  /  =  37  nm  for  our  stadium  dot.  The  depletion 
width,  defined  as  the  distance  between  the  edge 
of  the  confining  gate  and  the  point  where  the 
electron  density  falls  to  zero  is  21  —  75  nm. 

In  a  magnetic  field,  electron  states  become 
quantized  into  Landau  levels,  each  of  which  can 
hold  a  density  of  electrons  nh  =  2  B/<P0  =  4.8  X 
10 10  cm-2  B[T]  including  spin  degeneracy.  At 
the  edge  of  the  2DEG,  a  given  Landau  level 
becomes  empty  when  the  density  at  that  position 
can  be  fully  accommodated  by  lower  Landau  lev¬ 
els.  Simple  filling  of  Landau  levels  according  to 
Eq.  (5)  gives  the  following  expression  for  the 
locations  xk  where  the  fcth  Landau  level  be¬ 
comes  depopulated, 


xk(B)=l 


nlol-k2nl)' 


(6) 


The  k  +  1th  edge  state,  according  to  this  picture, 
thus  consists  of  a  band  of  finite  width  located 
between  /  +  xk(B)  and  /  +  xk+l(B )  from  the  gate 
edge.  The  field  dependent  area  Ak(B)  associated 
with  the  edge  state  boundary  located  a  distance 
l  +xk(B)  from  the  gate  edge  can  be  readily  com¬ 
puted  given  the  geometry  of  the  dot.  Then,  by 
defining  the  phase  <f)k  of  an  Aharonov-Bohm 
oscillation  associated  with  the  k  th  boundary  as 


,  .  Ak(B)B 

^=2ir^T~ 


(7) 


one  may  identify  a  field-dependent  frequency 
fk(B )  associated  with  each  edge  state  border  given 
by  fk(B)  =  (2ir)~ld(j)k/dB.  We  note  that  be¬ 
cause  the  areas  themselves  depend  on  B ,  there 
will  be  a  negative  contribution  to  fk(B ),  reflect¬ 
ing  the  fact  that  as  the  field  is  increased  the  edge 
state  borders  move  inward,  a  point  which  has 
been  emphasized  previously  [1].  The  calculated 
frequencies  fk(B )  for  k  =  0-6  are  shown  in  Fig. 
5b  for  the  stadium  dot.  We  propose  that 
Aharonov-Bohm  oscillations  associated  with  the 
(k  +  l)th  edge  state  will  contribute  to  the  power 
spectrum  of  conductance  fluctuations  in  a  fre¬ 
quency  band  between  fk(B)  and  fk+1(B).  Notice 


that  at  B  ~  1.25  T,  where  the  number  of  occu¬ 
pied  (spin-degenerate)  Landau  levels  is  v  — 
^dot/^L  ~  6,  only  three  edge  states  will  contribute 
to  the  frequency  spectrum  in  ranges  that  are  fully 
separated  from  zero;  above  1.5  T  the  third  edge 
state  as  well  intersects  the  zero-frequency  axis. 
We  observe  that  the  two  peaks  in  Fig.  4b  are 
consistent  with  the  theoretical  frequencies  associ¬ 
ated  with  edge  states  (e.s.)  1  and  2.  We  cannot 
account  for  the  structure  of  Fig.  4b  in  any  great 
detail,  however.  For  example,  why  the  broad  fre¬ 
quency  band  associated  with  edge  state  3  is  not 
seen  is  not  understood,  unless  we  speculate  that 
edge  state  3  is  too  far  from  the  edges  to  couple  to 
the  leads.  Indeed,  for  the  circle,  Fig.  4d,  we  see 
three  strong  peaks  which  may  be  associated  with 
three  edge  states.  This  difference  is  reasonable 
given  that  the  circle  data  is  at  a  lower  field  than 
the  stadium  data,  and  so  all  edge  states  reside 
closer  to  the  edge  of  the  sample. 

A  competition  between  electrostatic  energy 
and  the  energy  scale  ho)c  set  by  Landau  level 
quantization  causes  insulating  regions  of  thick¬ 
ness  ak(B)  to  form  between  edge  state  bands.  In 
this  insulating  region,  an  integer  number  of  Lan¬ 
dau  levels  are  occupied,  making  the  electron  gas 
incompressible.  The  width  ak(B)  can  be  found  by 
balancing  the  energy  associated  with  moving  an 
electron  to  a  lower  Landau  level  -  an  energy  gain 
of  hcoc  -  against  the  energy  cost  of  distorting  the 
zero-field  charge  distribution.  The  resulting 
widths  obtained  by  CSG,  using  boundary  condi¬ 
tions  appropriate  for  outer  edge  states  (see  com¬ 
ments  following  Eq.  (19')  in  Ref.  [22]),  are 


4{B) 


4  ha)ce 

t r2e2n'(xk)  ’ 


(8) 


where  n'(xk )  is  the  derivative  dn(x)/dx  evalu¬ 
ated  at  xk{B)  and  e  is  the  dielectric  constant  of 
the  material.  As  the  magnetic  field  increases,  the 
insulating  gaps  become  wider,  with  the  inner  gaps 
widening  most  quickly.  The  first  five  gap  widths 
for  the  stadium  dot  as  a  function  of  magnetic 
field  are  shown  in  Fig.  5c.  Also  shown  on  the 
same  scale  is  the  magnetic  length  /B.  Ignoring  the 
effects  of  disorder,  a  rough  criterion  for  the  value 
of  magnetic  field  above  which  edge  states  become 
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Fig.  6.  Alternating  peaks  in  conductance  observed  at  higher 
field,  a  possible  signature  of  Coulomb  blockade  of  individual 
edge  states. 

electrically  isolated  from  one  another  is  the  con¬ 
dition  a1(B)  =  lB.  We  take  this  to  define  BCon] , 
the  field  above  which  Coulomb  blockade  of  bound 
edge  states  can  operate.  In  our  dot,  BCou]  ~  2.5  T. 
We  emphasize  the  approximate  nature  of  this 
definition. 

Finally,  we  note  that  at  magnetic  fields  of 
~  1.9  T  we  observe  an  interesting  alternation  in 
conductance  oscillation  peak  heights,  shown  in 
Fig.  6.  This  behavior  is  not  seen  at  lower  fields  or 
above  this  field  up  to  ~  2.2  T.  A  similar  effect 
has  recently  been  reported  by  Sachrajda  et  al. 
[27]  at  somewhat  higher  fields,  B  ~3A  T.  These 
authors  attribute  their  alternating  peak  heights  to 
charging  effects,  which  they  argue  lead  to  a  strict 
alternation  of  conduction  via  a  pair  of  spin-split 
Landau  levels.  At  present  we  do  not  know  of  a 
good  picture  to  explain  the  alternation  observed 
in  Fig.  6  at  these  low  fields.  We  speculate  how¬ 
ever,  that  such  an  effect  may  attributable  to 
charging  effects,  indicating  that  the  spin-degener¬ 
ate  edge  channels  are  behaving  as  effectively  iso¬ 
lated  islands. 

In  conclusion,  we  have  investigated  magneto¬ 
conductance  fluctuations  in  a  ballistic  quantum 
dot  at  millikelvin  temperatures  in  the  low-to-in- 
termediate  magnetic  field  regime.  The  dot  is  con¬ 
nected  to  the  bulk  2DEG  via  tunneling  point 
contact  leads.  At  low  fields,  B  <  0.5  T,  we  ob¬ 
serve  conductance  fluctuations  with  an  exponen¬ 
tial  power  spectrum,  similar  to  what  is  seen  in 
quantum  dots  with  multichannel  point  contact 
leads.  At  intermediate  fields,  B  ~  0.5-2  T,  there 
is  a  crossover  to  periodic,  and  multiply  periodic, 
conductance  oscillations.  To  distinguish  various 
regimes  encountered  along  the  way,  we  investi¬ 
gated  three  characteristic  crossover  fields:  Bsc , 


above  which  the  semiclassical  electron  trajecto¬ 
ries  within  the  structure  change  from  chaotic  to 
regular;  Bgl,  above  which  is  the  so-called  global 
adiabatic  regime,  where  scattering  between  edge 
states  due  to  wall  curvature  is  suppressed;  and 
finally  £Coul  above  which  tunneling  between  edge 
states  is  suppressed,  making  bound  edge  states 
susceptible  to  Coulomb  blockade.  For  the  sta¬ 
dium-shaped  dot  studied,  these  fields  were  found 
to  be  Bsc  ~  0.46  T,  Bgl  ~  1.3  T,  and  BCoul  ~  2.5  T. 
We  also  used  an  electrostatic  model  of  edge 
states  [22]  to  calculate  conductance  oscillation 
frequencies  for  several  edge  states.  These  results 
were  consistent  with  the  experimentally  observed 
multiply  periodic  conductance  oscillations  ob¬ 
served  around  B  ~  1.3  T  in  the  stadium  dot. 
Finally,  we  speculated  that  an  alternation  in  con¬ 
ductance  peak  height  observed  at  B  ~  1.9  T  may 
indicate  the  onset  of  Coulomb  blockade  of  indi¬ 
vidual  confined  edge  states. 
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Abstract 

We  show  that  quantum  dots  with  classically  chaotic  dynamics  exhibit  universal  quantum  fluctuation  effects  in  a 
number  of  physical  properties.  Specifically,  the  distribution  of  Coulomb  blockade  resonance  amplitudes  and  the 
correlation  function  of  the  quantum  dot  energy  levels  with  shape  distortion  have  universal  forms  which  are  shown  to 
agree  well  with  numerical  results  from  a  billiard  model  of  quantum  dots.  These  universal  statistical  properties  are 
experimentally  accessible  through  transport  and  capacitance  measurements  of  single  dots;  a  clear  experimental 
signature  may  be  obtained  by  their  sensitivity  to  a  weak  magnetic  field.  Integrable  models  for  quantum  dots  are 
found  to  have  non-universal  statistical  properties. 


The  analogy  between  semiconductor  quantum 
dots  and  “artificial  atoms”  has  been  widely  noted 
and  has  been  the  basis  for  various  model  calcula¬ 
tions  which  include  the  effects  of  size  quantiza¬ 
tion  and  Coulomb  interactions.  However,  unlike 
natural  atoms,  the  potential  which  confines  the 
electrons  within  each  quantum  dot  will  vary  from 
dot  to  dot  due  both  to  variations  in  the  fabrica¬ 
tion  process  leading  to  confinement  and  to  the 
weak  potential  fluctuations  arising  from  randomly 
located  remote  donors.  Although  these  potential 
variations  are  small  enough  that  treating  these 
systems  as  short-range  disordered  (i.e.  elastic 
mean  free  path  smaller  than  sample  size)  is  not 
realistic,  they  are  likely  to  be  large  enough  to 
generate  chaotic  classical  motion  for  trapped 
electrons.  It  is  now  understood  that  there  are 
strong  similarities  between  the  behavior  of  disor¬ 
dered  quantum  systems  and  simple  quantum  sys- 
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terns  which  are  classically  chaotic,  and  that  there¬ 
fore  quantum-chaotic  systems  should  exhibit  many 
of  the  mesoscopic  fluctuation  effects  characteris¬ 
tic  of  disordered  system  [1-5].  Quantum  dots  are 
of  particular  interest  because  they  are  isolated 
quantum  systems  with  relatively  large  level-spac¬ 
ing  Ae  (~  0.05  meV  or  ~  500  mK)  and  therefore 
can  be  studied  in  the  regime  kT  <  Ae  where  one 
expects  the  maximal  effect  due  to  quantum- 
chaotic  fluctuations. 

In  fact  there  are  many  experimental  measure¬ 
ments  on  single  quantum  dots  which  indicate  the 
presence  of  such  fluctuations.  Three  examples 
are:  (1)  The  amplitude  of  the  Coulomb-blockade 
(CB)  oscillations  fluctuates  non-monotonically  by 
as  much  as  an  order  of  magnitude  between  adja¬ 
cent  peaks  [6-8].  (2)  The  amplitude  .pattern  is 
completely  rearranged  in  an  apparently  random 
(but  reproducible)  fashion  by  magnetic  fields  of 
order  20  mT  [8,3].  (3)  Recent  capacitance  mea¬ 
surements  of  the  spectrum  of  single  dots  show 
non-monotonic  variations  as  a  function  of  mag- 
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shape  (p) 


Fig.  1.  Features  of  the  2d  quantum  dot  with  a  hard-wall  boundary  given  by  w(z)  =  cos(p)z  +  sin (p)/y/lz2,  \z\  =  1.  In  (a)  are 
shown  the  (even  parity)  energy  levels  268  to  279  vs.  shape  parameter  p.  In  (b)  is  shown  the  correlation  function,  c(x\  defined  in 
Eq.  (1).  The  full  (broken)  curve  corresponds  to  the  orthogonal  (unitary)  case.  The  open  circles  are  our  numerical  results. 


netic  field  not  related  to  Landau  level  formation 

[91 

In  earlier  work,  Jalabert  et  al.  [2]  used  ran¬ 
dom-matrix  theory  to  predict  the  distribution  of 
CB  amplitudes  and  tested  their  prediction  by 
calculating  transmission  resonances  through  ir¬ 
regularly-shaped  quantum  dots.  The  model  stud¬ 


ied  there  had  three  disadvantages:  First,  the  clas¬ 
sical  mechanics  generated  by  the  dot  potential 
was  essentially  unknown,  although  undoubtedly 
chaotic.  Second,  no  characterization  of  the  spec¬ 
trum  in  isolation  was  possible.  And  third,  for 
technical  reasons  the  time-reversal  symmetry 
breaking  transition  predicted  by  the  analytic  the- 


Fig.  2.  The  distribution  of  the  partial  decay  width,  rp,  for  four  different  shapes  of  the  quantum  dot.  Shown  are  histograms 
representing  our  numerical  results,  distributions  (full  curves)  serving  as  a  guide  for  the  eye  (v  =  0.33,  0.50,  1.00,  and  1.00, 
respectively),  and  as  inserts  the  particular  shapes  of  the  dot.  In  (a),  (b),  and  (c)  we  used  the  simple  quadratic  map  with  p  =  0.0,  0.2, 
and  0.5,  respectively.  In  (d)  we  used  the  cubic  map  with  <f>  =  tt/3,  b  —  c  =  0.2  a,  and  a  =  0.913.  In  (a)  the  model  is  integrable,  in  (b) 
it  is  nearly  integrable,  and  in  both  (c)  and  (d)  it  is  fully  chaotic. 
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ory  was  difficult  to  test  quantitatively.  Here  we 
study  a  quantum  billiard  model  [12-14]  which 
corrects  all  of  these  deficiencies  (although  we 
need  to  introduce  one  further  assumption  to  con¬ 
nect  our  results  to  scattering  theory  [3]). 

The  model  we  study  consists  of  all  two-dimen¬ 
sional  infinite  potential  wells  with  boundaries 
given  by  the  cubic  conformal  mapping  w(z)  =  az 
+  bz2  +  cei<f>z3  (where  a ,  b ,  c  are  chosen  to  fix 
the  area  to  the  value  t r).  Often  it  suffices  to  set 
c  =  0  in  which  case  a  =  cos(  p ),  b  =  sin(  p)/  yfl 
and  p  is  the  single  parameter  which  varies  the 
shape.  The  mapping  is  conformal  for  0  <  p  < 
0.615.  At  p  =  0  we  have  a  circular  well  with 
integrable  classical  motion  (angular  momentum  is 
conserved)  and  Bessel  function  eigenstates.  For 
p  ~  0.34  the  curvature  at  z  —  —  1  vanishes  and 
the  well  begins  to  develop  a  concave  region  which 
leads  to  fully  chaotic  classical  dynamics  [12].  The 
shape  of  the  well  for  four  different  parameter 
choices  is  shown  in  Fig.  2  (insets).  The  basic 
simplification  of  the  model  is  that  the  Schrodi- 
nger  equation  for  the  energy  levels  of  irregular 
billiards  with  non-zero  p-values  may  be  solved  by 
a  very  efficient  numerical  procedure  which  ex¬ 
ploits  the  change  of  variables  defined  by  the 
inverse  conformal  transformation  [13]. 

In  Fig.  1  we  plot  typical  high  energy  levels  as 
function  of  shape.  Note  the  rapid  pseudo-random 
oscillations  for  very  small  shape  distortions.  We 
can  characterize  this  fluctuating  spectrum  by  the 
correlation  function  of  the  derivatives  of  the  en¬ 
ergy  levels  with  respect  to  p.  Recent  work  [5,10] 
indicates  that  when  properly  rescaled  this  type  of 
correlation  function  has  a  universal  form  in 
chaotic  quantum  systems.  Defining  C(0)  = 
<([9e/3p)(l/Ae)]2)  and  x  =  /C( 0)  p  the  rescaled 
correlation  function  takes  the  form 


c(x) 


Ide^x+x)  9e,-(*)  1  \ 

\  dx  3x  Ae2/ 


(1) 


We  find  good  agreement  with  the  behavior  ob¬ 
tained  from  disordered  quantum  dots  for  the  first 
few  correlation  lengths  and  then  a  substantial 
deviation  as  seen  in  other  work  [5,10].  It  follows 
from  the  rescaling  that  the  correlation  “length” 
in  shape  is  just  pc  «  1//C(0)  .  pc  decreases  with 
increasing  energy  as  expected  due  to  the  shorten¬ 


ing  of  the  electron  wavelength.  The  strong  depen¬ 
dence  of  the  energy  levels  on  shape  has  implica¬ 
tions  for  the  properties  of  quantum  dot  arrays. 
Since  there  is  likely  to  be  significant  shape  varia¬ 
tion  between  dots  one  does  not  expect  the  forma¬ 
tion  of  superlattice  bands  due  to  the  random 
mismatch  of  energy  levels  on  adjacent  dots.  In 
fact  no  such  band-formation  effects  were  ob¬ 
served  in  recent  experiments  [11]  at  zero  or  low 
magnetic  field;  it  is  only  at  fields  B  >  2  T  that  the 
mini-gaps  appeared  due  to  the  formation  of  nar¬ 
row  Landau  bands.  Thus  our  results  suggest  that 
quantum  dots  are  not  in  general  well-described  as 
identical  “artificial  atoms”. 

Not  only  will  the  spectrum  of  quantum  dots 
fluctuate  with  shape  (or  magnetic  field)  but  the 
probability  density  of  the  eigenstates  of  a  given 
dot  will  fluctuate  from  level  to  level.  We  attribute 
the  CB  amplitude  fluctuations  to  spatial  fluctua¬ 
tions  in  the  probability  density  of  the  quasi-bound 
states  [2].  In  the  regime  T<  kT  <  Ae  <  e2/C, 
(where  F  is  the  mean  level  width  and  e2/C  is  the 
charging  energy)  a  single  level  controls  each 
Coulomb  blockade  peak  [15,16]  and  large  ampli¬ 
tude  fluctuations  are  observed.  Due  to  thermal 
broadening  the  width  of  all  CB  peaks  are  ~  kT , 
whereas  the  amplitude  [16]  is  given  by 

_  e2/h  f/f;  e2  f 
gmax  4ttA:T  (r/+rAr)  Airh  kT01*’  () 

where  FA  =  F/  +  FA  is  the  total  decay  width  for 
level  A  and  F/,  FAr  are  the  partial  decay  widths 
into  the  right  and  left  leads.  The  factor  ak  in  Eq. 
(2)  is  a  dimensionless  measure  of  the  area  under 
the  7=0  resonance,  hence  the  observed  ampli¬ 
tude  fluctuations  reflect  the  fluctuations  in  these 
areas. 

It  is  possible  using  the  R-matrix  theory  devel¬ 
oped  for  compound  nuclear  scattering  [17]  to 
express  the  level  widths  of  Eq.  (2)  in  terms  of 
states  Xx(x,  y)  of  the  dot  in  isolation  (with  ap¬ 
propriate  boundary  conditions);  details  are  given 
elsewhere  [4,3].  We  assume  that  the  resonance 
wavefunctions  Xx  are  described  by  the  orthogo¬ 
nal  random-matrix  ensemble  when  time-reversal 
symmetry  is  present  (B  =  0)  and  by  the  unitary 
random-matrix  ensemble  when  TR  is  broken  (suf- 
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ficiently  high  magnetic  field).  We  note  that  this 
assumption  should  be  reasonable  even  in  the 
presence  of  strong  interactions  as  long  as  one 
applies  it  to  the  self-consistent  single-particle 
states,  as  is  done,  e.g.,  when  analyzing  shell  model 
calculations  of  the  nucleus.  If  XK  are  described 
by  random-matrix  theory  then  the  distribution  of 
partial  widths  Tp  should  have  a  xl  distribution 
with  v  =  1,  2  degrees  of  freedom  [2].  This  distri¬ 
bution  should  be  universal  in  the  chaotic  regime, 
i.e.  two  different  shapes  both  of  which  generate 
chaotic  classical  dynamics  should  have  the  same 
distribution  of  level  widths  (even  though  the  indi¬ 
vidual  levels  are  quite  different  (see  Fig.  1)). 
However,  if  the  system  approaches  integrability 
then  non-universal  distributions  differing  from  x2 
should  arise.  Precisely  this  behavior  is  confirmed 
by  numerical  calculations  of  the  partial  width 
distribution  for  the  conformal  billiard  model  as 
seen  in  Fig.  2,  where  only  the  fully  chaotic  models 
(c)  and  (d)  fit  a  xl=\  distribution  reasonably  well. 

Having  confirmed  that  random  matrix  theory 
works  well  in  the  chaotic  regime,  one  can  derive 
[2,4]  from  this  ansatz  the  probability  density 
where  v  =  2  for  the  orthogonal  case  and 
v  =  4  for  the  unitary  case.  One  finds 

<3> 

r°°  I  z  +  4  ol 

#,(«)  =2e-4“Jo  dz  e~2y  — - — .  (4) 


and  are  plotted  in  Fig.  3  where  they  are 
compared  to  numerical  data  obtained  by  evaluat¬ 
ing  a  for  the  wavefunctions  of  the  conformal 
model  for  the  case  v  =  2,  4.  The  time-reversal 
symmetry-breaking  needed  to  study  v  =  4  is 
achieved  by  adding  an  Aharonov-Bohm  flux  to 
the  center  of  the  quantum  dot  [14].  Note  the 
substantial  suppression  of  small  peak  amplitudes 
caused  by  breaking  TR  symmetry.  This  reduces 
substantially  the  variance  of  a,  and  from  Eqs.  (3) 
and  (4)  one  finds  Aa^/Aaf  =  32/45  «  0.71. 

If  this  suppression  of  CB  amplitude  fluctua¬ 
tions  due  to  TR  symmetry  breaking  is  to  be 
observable  the  magnetic  field  necessary  to  induce 
the  TR  transition  be  small  compared  to  that 
needed  for  Landau  level  formation.  Landau  level 
formation  strongly  suppresses  the  fluctuations  [8]; 
the  classical  analogue  of  this  effect  is  the  sup¬ 
pression  of  chaos  by  the  formation  of  stable  skip¬ 
ping  orbits.  Adapting  arguments  by  Berry  and 
Robnik  [14,3],  we  find  that  the  flux,  <PC ,  needed  to 
break  TR  symmetry  for  a  dot  of  area  A  is  <PC~ 
(hvi/Ae^)~1/2h/e.  In  the  experimental  sys¬ 
tems  of  interest  this  corresponds  to  a  field  of 
order  a  few  times  10  mT,  much  smaller  than  that 
needed  for  edge-state  formation.  Thus  the  statis¬ 
tical  effect  of  time-reversal  symmetry  breaking 
predicted  by  our  theory  should  be  observable 
experimentally  by  making  histograms  of  the  am¬ 
plitudes  as  a  function  of  magnetic  field.  It  is 
hoped  that  careful  experimental  tests  of  this  type 
will  be  performed  in  the  near  future. 


Fig.  3.  Predicted  distribution  of  peak  amplitudes  a  in  the  presence  of  time-reversal  symmetry  (a)  and  absence  (b),  compared  to  the 
numerically  generated  amplitudes  obtained  from  the  cubic  model  in  the  fully  chaotic  case  (same  shape  as  in  Fig.  2d). 
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Abstract 

We  report  detailed  measurements  of  reproducible,  aperiodic  fluctuations  in  the  magnetoconductance  of  a 
submicron,  stadium-shaped  quantum  dot  with  quantum  point  contacts.  We  study  the  prominent  dip  at  B  =  0  that  is 
associated  with  a  ballistic  analog  of  the  weak  localization  effect,  and  find  its  properties  to  be  in  agreement  with 
semiclassical  arguments. 


Theorists  have  long  been  fascinated  by  the 
quantum  mechanical  limit  of  classically  chaotic 
systems  -  a  field  known  as  quantum  chaos  [1]. 
Chaotic  scattering  and  its  connection  to  random 
matrix  theory  has  been  studied  in  nuclear  and 
atomic  physics  [2].  Recently,  mesoscopic  conduc¬ 
tance  fluctuations  have  been  recognized  as  mani¬ 
festations  of  quantum  chaos  [3-6],  Advances  in 
precision,  submicron  electron  beam  lithography 
have  made  it  possible  to  fabricate  devices  in 
which  electrons  travel  ballistically  at  low  temper¬ 
atures  and  maintain  their  phase  coherence  over 
distances  larger  than  the  device  size  [7].  These 
devices  have  exhibited  many  novel  transport  fea¬ 
tures  associated  with  classical  trajectories  [8-11]. 
Marcus  et  al.  [8]  studied  transport  in  a  chaoti¬ 
cally-shaped  billiard  and  have  found  signatures  of 
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chaotic  scattering  and  quantum  interference  in 
conductance  fluctuations.  These  signatures  are 
predicted  in  recent  semiclassical  theories  [4,5].  In 
this  approach,  the  conductance  through  the  bil¬ 
liard  is  calculated  with  the  Landauer  formula, 
q  =e2/h  Tr[?  *  t],  where  the  complex  transmis¬ 
sion  matrix,  tmn,  is  evaluated  by  summing  the 
semiclassical  Green  function  for  all  trajectories  in 
the  billiard  that  connect  incoming  mode  m  to 
outgoing  mode  n. 

In  this  paper,  we  present  experimental  data 
with  reproducible,  aperiodic  fluctuations  and  a 
prominent  zero  field  dip  in  the  low  temperature 
(T  =  0.15  K  to  T  =  4.2  K)  magnetoconductance  of 
a  stadium-shaped  quantum  dot.  A  conductance 
dip  at  B  —  0  arises  from  the  coherent  backscatter- 
ing  of  time  reversed  pairs  of  trajectories  each 
starting  and  ending  in  the  same  transverse  mode 
of  one  of  the  two  contacts,  analogous  to  the  weak 
localization  effect  [12].  Weak  localization  in  bal- 
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listic  microstructures,  reported  by  Marcus  et  al. 
[8],  is  distinct  from  two-dimensional  weak  local¬ 
ization,  because  trajectories  bounce  from  the  sta¬ 
dium  walls,  rather  than  diffuse  in  a  disordered 
potential.  The  theory  of  weak  localization  in  bal¬ 
listic  microstructures  is  an  interesting  topic  of 
current  research,  having  important  differences 
from  the  traditional  theory  of  weak  localization  in 
the  bulk;  see  Baranger  et  al.  [5].  The  characteris¬ 
tic  magnetic  field  necessary  to  destroy  the  zero 
field  dip  is  determined  by  the  typical  area  that 
paths  enclose  before  they  dephase  or  leave  the 
billiard:  constructive  interference  is  lost  when  a 
fraction  of  a  flux  quantum  threads  this  area.  The 
magnetoconductance  dip  evolves  smoothly  in 
temperature.  Superimposed  upon  the  B  =  0  con¬ 
ductance  dip  are  fluctuations  that  arise  from 
quantum  interference  between  all  paths  other 
than  those  returning  to  their  starting  mode.  These 
fluctuations,  which  also  appear  away  from  B  =  0, 
rearrange  dramatically  as  the  coupling  into  the 
stadium  is  varied;  their  root  mean  squared  ampli¬ 
tude  grows  with  increasing  average  conductance 
and  is  smaller  than  universal  conductance  fluctu¬ 
ations  [13]. 

The  experiment  was  carried  out  using  a 
GaAs/Al03Ga07As  heterostructure  containing  a 
near  surface  2D  electron  gas  (depth  =  420  A). 
The  gas  has  a  sheet  density  ns  =  4.4  X  1011  cm-2 
and  mobility  /a  —  350  000  cm2/V  •  s,  giving  a  mean 
free  path,  l  —  3.8  /a m.  It  is  important  to  use  a 
near  surface  gas  because  we  want  the  litho¬ 
graphic  shape  of  our  dot  to  be  most  nearly  re¬ 
flected  in  the  shape  of  the  equipotential  contours 
at  the  electron  gas.  Gates  are  patterned  with 
electron  beam  lithography  and  Cr/Au  metalliza¬ 
tion.  The  gas  under  the  gates  was  depleted  by  a 
negative  voltage  bias,  forming  a  stadium-shaped 
region  of  electron  gas  that  electrons  are  forced  to 
travel  through.  We  vary  the  magnetic  field  per¬ 
pendicular  to  the  plane  of  the  gas  and  measure 
the  magnetoresistance  with  standard  ac  lock-in 
techniques,  using  /bias  =  1  nA  and  /  =  11  Hz.  The 
sample  was  cooled  first  in  a  3He  cryostat,  then  in 
a  dilution  refrigerator  for  the  lowest  tempera¬ 
tures. 

An  electron  micrograph  of  the  stadium  is 
shown  in  Fig.  1.  The  lithographic  size  is  1.3 


Fig.  1.  Electron  micrograph  of  the  stadium  at  35000  X  (length 
bar  =  1  /tm).  Bright  regions  are  metallic  gates,  dark  regions 
are  the  GaAs  surface.  Quantum  point  contacts  are  at  a  90° 
angle  to  each  other  to  avoid  direct  transmission. 


/am  X  0.6  /am.  After  subtracting  a  depletion  width 
of  65  nm  [14],  the  area  is  0.55  /am2.  The  dimen¬ 
sions  are  much  larger  than  the  Fermi  wavelength 
(AF  =  (27 r/ns)1/2  =  38  nm),  so  that  the  semiclas- 
sical  picture  is  appropriate  inside  the  stadium. 
The  point  contacts  have  lithographic  width  -190 
nm  and  contain  up  to  six  transverse  modes  when 
the  gas  is  depleted  under  the  gate. 

There  are  two  important  characteristic  fields. 
The  first,  B ^  occurs  when  a  flux  quantum  threads 
the  area  of  the  device,  B ^  =  <£0/(area)  «  8  mT. 
The  second,  Bcyc,  is  the  field  at  which  the  cy¬ 
clotron  radius  equals  the  radius  of  curvature  of 
the  stadium,  Bcyc  =  <£0/(af  radius)  ~  0.4  T.  This 
separation  in  characteristic  fields  allows  us  to 
effectively  ignore  the  bending  of  trajectories  at 
small  fields,  B<^Bcyc,  and  only  consider  mag¬ 
netic  field  dependence  through  the  Aharonov- 
Bohm  phase.  The  phase  coherence  time  was  mea¬ 
sured  with  a  split  gate  technique  [15]  on  an  adja¬ 
cent  sample  from  the  same  wafer  at  T  =  1.5  K, 
giving  a  value  of  r ^  ~  33  ps.  Trajectories  with 
lengths  up  to  the  ballistic  phase  breaking  length, 
l</>  =  vf Tc/>  ~  10  /am,  contribute  to  quantum  inter¬ 
ference,  indicating  that  paths  undergo  many 
bounces  before  losing  coherence. 

Plotted  in  Fig.  2  are  four  consecutive  magne¬ 
toresistance  sweeps  on  the  stadium  at  T=  1.5  K. 
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Fig.  2.  (a)  Four  consecutive  magnetoresistance  sweeps  on  the  stadium  at  T=  1.5  K.  (b)  Magnetoresistance  at  both  +B  and  -B 
plotted  vs.  |  B  | ,  showing  approximate  two-probe  symmetry. 


They  show  a  prominent  zero  field  resistance  peak 
and  symmetric,  aperiodic  fluctuations  around  that 
peak.  The  zero  field  peak  is  associated  with  a 
ballistic  analog  of  the  weak  localization  effect, 
while  the  conductance  fluctuations  are  due  to 
statistical  variations  in  quantum  interference  be¬ 
tween  paths  which  do  not  return  to  their  originat¬ 
ing  contact  mode.  The  conductance  fluctuations 
reproduce  over  four  consecutive  sweeps  and  re¬ 
main  stable  until  the  temperature  is  cycled  - 
even  cycling  the  gate  voltage  does  not  effect 
them.  We  swept  the  gate  voltage  at  B  =  0  and 
found  that  the  conductance  had  several  plateaus 
due  to  quantization  in  the  point  contacts.  Be¬ 
cause  the  gate  voltage  sweep  simultaneously 
changes  the  width  of  both  point  contacts,  we  did 
not  necessarily  expect  the  sweep  to  have  plateaus. 
If  we  assume  that  the  resistance  of  the  two  point 
contacts  adds  in  series  [16],  we  can  infer  that  the 
data  shown  here  was  taken  on  a  conductance 
plateau  corresponding  to  approximately  five 
transverse  modes  (G  *  10  e2/h )  in  each  lead.  In 
the  inset,  one  of  the  four  magnetoresistance 
sweeps  is  folded  over  with  negative  B  plotted 
versus  \B\.  The  plot  shows  that  the  magnetore¬ 


sistance  is  even  in  B,  as  expected  for  two-probc 
symmetry.  The  small  deviations  arise  in  the  wide 
regions  of  the  electron  gas  because  four  indium 
contacts  are  used  to  measure  resistance. 

The  temperature  dependence  of  the  conduc¬ 
tance  fluctuations  is  shown  in  Fig.  3.  The  curves 
have  been  converted  to  conductance,  so  that  the 
zero  field  feature  now  appears  as  a  dip.  The 
stadium  was  biased  on  another  plateau  in  the 
point  contact  characteristic  corresponding  to  ap¬ 
proximately  three  modes  in  each  lead.  The  tem¬ 
perature  was  varied  from  T  =  1.50  K  to  T  =  4.25 
K  in  eleven  logarithmically  spaced  steps.  The 
conductance  fluctuations  evolve  smoothly  in  tem¬ 
perature,  with  the  zero  field  dip  dropping  mono- 
tonically  as  temperature  is  lowered. 

Semiclassical  analysis  by  Baranger  et  al.  [5] 
predicts  that  the  zero  field  dip  is  a  Lorentzian,  so 
we  fit  to  this  functional  form.  A  typical  curve  fit  is 
shown  in  Fig.  3b.  Some  error  is  introduced  by 
conductance  fluctuations  superimposed  upon  the 
B  =  0  dip  as  discussed  above.  Plotted  in  Fig.  4  are 
the  height  A  cr0  and  width  Bc  (half  width  half 
maximum)  of  the  dip,  which  were  taken  from  the 
curve  fit  parameters  at  each  temperature.  The 
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Fig.  3.  (a)  Magnetoconductance  for  11  different  temperatures  logarithmically  spaced  in  the  interval  7=  1.50  K  to  7=  4.25  K.  (b) 
Lorentzian  curve  fit  (dashed)  to  the  zero  field  conductance  dip  at  7=  2.55  K  (solid). 


Fig.  4.  (a)  Width  (Bc)  vs.  7.  (b)  Height  (A a0)  vs.  T~\  Taken 
from  g(5)  =  g(0)~  Acr0/[l  +  (5/5c)2].  Error  bars  (8BC  ~ 
1%,  8aQ  ~  0.5%)  not  visible  on  this  scale. 


height  grows  by  a  factor  of  four  between  T  =  4.25 
K  and  71  =  1.50  K,  varying  as  Acr0  a  1/T.  The 
width  Bc  =  3.6  to  5.0  mT  is  less  sensitive  to  tem¬ 
perature,  as  shown. 

Semiclassical  arguments  predict  that  the  zero 
field  dip  should  get  taller  and  narrow  slightly  at 
low  temperature.  The  characteristic  area  en¬ 
closed  by  pairs  of  time  reversed  paths  returning 
to  their  originating  mode  is  not  the  device  area  - 
it  instead  depends  on  the  distribution  of  closed 
trajectory  areas  which  remain  coherent  inside  the 
stadium.  The  stadium  shape  is  convenient,  be¬ 
cause  classical  trajectories  inside  it  are  highly 
chaotic;  their  initial  direction  being  randomized 
after  only  a  few  bounces  off  of  the  walls  [17].  The 
distribution  of  trajectory  areas  is  approximate¬ 
ly  given  by  a  simple  exponential:  N(A)  ~ 
exp(-27ra  [  A  |),  with  only  one  parameter,  a 
[4,18].  The  characteristic  area  (27ra)_1  is  finite, 
because  trajectories  only  remain  on  the  stadium 
for  a  finite  time  before  exiting  or  losing  their 
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phase.  Temperature  alters  quantum  interference 
in  two  ways.  First,  finite  temperature  truncates 
the  distribution  of  trajectory  lengths  at  the  phase 
breaking  length  (/^),  shifting  the  characteristic 
area  to  a  smaller  value  [19].  Second,  thermal 
broadening  of  the  Fermi  surface  damps  conduc¬ 
tance  fluctuations.  Weak  localizaton  is  less  sensi¬ 
tive  to  thermal  smearing,  because  each  time  re¬ 
versed  pair  of  paths  contributes  to  the  zero  field 
conductance  dip  [7]. 

The  height  Acr0  of  the  zero  field  feature  is 
expected  to  be  proportional  to  the  fraction  of 
time  reversed  pairs  returning  to  the  origin  which 
remain  phase  coherent.  This  fraction  increases  as 
temperature  is  lowered.  The  width  Bc  depends 
directly  on  the  characteristic  area  (2ira)~\  But 
unlike  the  bulk  theory,  Bc  cannot  increase  indefi¬ 
nitely  because  it  is  rare  to  find  backscattering 
paths  whose  area  is  much  smaller  than  the  sta¬ 
dium  area.  This  effect  puts  an  upper  limit  on  Bc 
and  prevents  it  from  changing  rapidly  in  tempera¬ 
ture.  These  semiclassical  arguments  are  consis¬ 
tent  with  the  measured  data  if  we  assume  a 
power  law  dependence  for  the  phase  breaking 
rate  [20].  In  contrast,  the  traditional  weak  local¬ 
ization  theory  predicts  a  weaker  and  much  nar¬ 
rower  peak  with  its  width  of  ~  0.04  mT  [12]. 

Finally,  we  examine  the  statistics  of  con¬ 
ductance  fluctuations.  The  rms  fluctuation, 
<(5G)2>1/2,  at  T  =  1.5  K  (squares)  and  T  =  0.15 
K  (circles)  is  plotted  versus  the  average  conduc¬ 
tance,  <G>  in  Fig.  5a.  A  third  order  polynomial 
background  was  first  subtracted  from  the  magne¬ 
toconductance  data  to  remove  the  slow  trend 
evident  in  Fig.  2  [8].  While  Grms  at  high  tempera¬ 
ture  was  rather  insensitive  to  the  analysis  tech¬ 
nique,  Grms  at  low  temperature  varied  by  -  20% 
depending  on  the  background  subtraction  scheme. 
The  rms  fluctuation  increases  monotonically  with 
average  conductance,  reaching  a  maximum  value 
of  0.35  e2/h  with  roughly  six  transverse  modes  in 
the  leads.  The  data  for  both  temperatures  have 
not  yet  reached  UCF  amplitude  [13]  at  the  largest 
Gave.  The  high  temperature  data  extrapolate  to 
Grms  =  0  at  zero  conductance.  However,  at  low 
temperature  the  intercept  is  0.1  e2/h,  implying 
that  the  rms  fluctuation  must  drop  steeply  in  the 
tunneling  regime  (Gave  <  1). 


Fig.  5.  (a)  Root  mean  square  conductance  fluctuation  (Grms) 
vs.  average  conductance  (Gave)  at  7  =  1.5  K  (square)  and 
T  -  0.15  K  (circle)  with  linear  fits  (dashed)  drawn  as  a  guide 
to  the  eye.  (b)  Fit  to  the  averaged  power  spectrum  of  the 
conductance  fluctuations  vs.  1  /B. 


The  power  spectrum  of  the  conductance  fluc¬ 
tuations  versus  1  /B  is  shown  in  Fig.  5b  at  T  —  0.15 
K.  To  obtain  the  statistical  behavior  of  the  fluctu¬ 
ations,  we  average  15  overlapping  power  spectra 
in  the  field  range  |  B  |  =  0.05  to  0.30  T  [8].  As¬ 
suming  that  the  distribution  of  trajectory  areas  is 
the  same  over  our  field  range,  the  power  spec¬ 
trum  equals  the  Fourier  transform  of  the  mag¬ 
netic  field  autocorrelation  function  [4,8] 

S(f )  =s0(l  +  2ir/a<P0)  exp( -2vfa<P0), 

where  /  is  expressed  in  cycles/T.  The  data  fit 
this  form  reasonably  well  over  three  orders  of 
magnitude  in  power,  giving  a  value  of  (2  7 to)~1  = 
0.21  ^m2,  which  is  ~  0.4  times  the  device  area. 
Periodic  orbits  inside  the  stadium  typically  have 
areas  roughly  half  the  device  area  or  less  [8].  If 
we  assume  that  the  characteristic  area  for  time 
reversed  paths  returning  to  the  same  contact 
mode  is  the  same  as  for  all  paths,  we  can  com¬ 
pare  the  characteristic  field  implied  by  this  value 
of  a  [5],  Bc  =  a<P 0/2  =1.5  mT,  to  the  experimen¬ 
tal  width  of  the  B  =  0  conductance  dip.  The 


500 


M.J.  Berry  et  al  /Surface  Science  305  (1994)  495-500 


measured  width  at  T  =  0.15  K  is  2.2  mT,  indicat¬ 
ing  approximate  agreement. 
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Abstract 

We  have  measured  the  resistance  versus  magnetic  field  and  Fermi  energy  for  two  stadium-shaped  cavities  in 
which  chaotic  scattering  is  expected.  We  fit  the  power  spectra  of  the  magnetoresistance  fluctuations  to  semiclassical 
chaotic  scattering  theory  and  find  a  characteristic  field  which  scales  with  cavity  dimensions  as  predicted  by  classical 
simulations.  Measurements  of  conductance  versus  Fermi  energy  indicate  a  significant  contribution  from  short, 
non-chaotic  paths.  We  have  also  studied  the  energy-averaged  conductance  as  a  function  of  magnetic  field.  We 
observe  a  ballistic  weak  localization  effect  similar  to  that  predicted  by  recent  calculations. 


1.  Introduction 

The  2D  electron  gas  of  a  clean  GaAs/AlGaAs 
heterostructure  can  be  confined  to  a  cavity  small 
enough  that  large  angle  elastic  scattering  is  domi¬ 
nated  by  the  walls  rather  than  random  impurities. 
At  temperatures  of  about  0.1  K,  inelastic  scatter¬ 
ing  is  weak  enough  that  electrons  can  traverse  a 
1  fim  cavity  several  times  while  maintaining  phase 
coherence.  The  electron  wavelength  is  still  much 
smaller  than  the  cavity,  however,  so  that  electron 
transport  may  be  described  semiclassically.  Such 
a  cavity  is  thus  useful  in  testing  the  predictions  of 
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the  semiclassical  theory  of  chaotic  scattering  [1,2]. 
This  theory  predicts  random  fluctuations  in  the 
resistance  of  a  chaotic  cavity  such  as  a  stadium 
when  a  perpendicular  magnetic  field  is  applied  or 
when  the  electron  density  is  changed.  There  is 
also  a  recent  prediction  for  a  weak  localization 
effect  which  reflects  the  chaotic  nature  of  the 
cavity  [3].  The  observation  of  a  difference  be¬ 
tween  magnetoresistance  fluctuations  in  nomi¬ 
nally  chaotic  and  non-chaotic  cavities  has  been 
reported  previously  [4].  In  this  paper  we  report 
the  observation  of  the  scaling  of  magnetoresis¬ 
tance  fluctuations  with  cavity  size.  We  also  find 
evidence  for  an  important  contribution  from 
short,  non-chaotic  paths.  Finally,  we  study  the 
weak  localization  in  the  cavity  as  a  function  of 
Fermi  energy  and  find  an  energy-averaged  effect 
in  agreement  with  recent  numerical  studies  [3]. 
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2.  Fabrication  and  measurement 

Our  samples  are  fabricated  from  GaAs/Al 
GaAs  heterostructures  having  bulk  mobility  of  60 
m2/V-s  and  density  of  2.6  XlO15  m-2.  After 
fabrication  the  mobility  of  a  small  cavity  is  diffi¬ 
cult  to  assess,  but  the  density  is  found  to  be 
similar  to  the  bulk.  Confinement  of  the  electron 
gas  is  achieved  by  patterning  a  Ti/Au  metal 
mask  with  electron-beam  lithography  and  expos¬ 
ing  it  to  low  energy  ( ~  200  eV)  Xe  ions  [5],  which 
makes  the  unprotected  areas  insulating.  The 
metal  mask  is  a  self-aligned  Schottky  barrier  gate 
which  allows  the  density  to  be  varied  over  a  small 
range  without  significantly  changing  the  shape  of 
the  cavity. 

The  data  we  present  here  are  from  a  sample 
with  two  cavities  whose  shape  and  dimensions  are 
given  in  the  insets  of  Fig.  2.  The  offset  lead 
geometry  was  chosen  to  eliminate  direct  paths 
which  do  not  interact  with  the  edges  of  the  cavity. 
The  change  in  electron  density  with  gate  voltage 
is  calibrated  from  the  change  in  one  or  more 
minima  of  the  Shubnikov-de  Haas  oscillations. 
We  estimate  an  electron  density  of  (2.1  +  2.3Kg) 
X  10 15  m-2,  where  Vg  is  the  gate  voltage  in  volts, 
over  the  range  |  Vg  \  <  0.1  V.  The  sample  is 
mounted  in  a  dilution  refrigerator  and  all  data 
presented  here  are  measured  with  the  mixing 
chamber  at  50  mK.  The  actual  electron  tempera¬ 
ture  is  estimated  to  be  100  mK  or  slightly  higher 
[6].  The  voltage  drop  across  the  cavity  is  always 
less  than  10  /xV. 


3.  Magnetoresistance  fluctuations 

Fig.  1  shows  the  magnetoresistance  of  the  two 
stadia  measured  with  Vg=  -  0.02  V.  Both  stadia 
show  random,  reproducible  fluctuations  but  on 
different  magnetic  field  scales.  The  data  are  not 
symmetric  about  B  —  0  because  we  make  a  true 
four  probe  measurement.  We  have  interchanged 
current  and  voltage  leads  and  find  that  the  On- 
sager  relation  for  four  probe  measurements  [7]  is 
satisfied. 

The  theory  of  quantum  chaotic  scattering  pre- 


B(kG) 

-0.5  0.0  0.5 


B(kG) 


Fig.  1.  Magnetoresistance  of  the  small  and  large  stadia  with 
Vg  =  -0.02  V,  100  mK. 


diets  the  following  form  for  the  power  spectrum 
S(f )  of  the  fluctuations  [1]: 

S(f)=S(0)(l  +  2Tr<f>oaf)  (2) 

where  /  is  inverse  magnetic  field,  (f)0  =  h/e  is  the 
flux  quantum,  and  a  is  a  parameter  that  charac¬ 
terizes  the  chaotic  dynamics  of  classical  particles 
scattering  in  a  cavity  of  the  same  shape.  Specifi¬ 
cally,  a  determines  the  probability  P  that  a  clas¬ 
sical  particle  will  enclose  an  area  A  before  escap¬ 
ing  the  cavity  according  to 

P(\A  |)  oce-2™^'.  (3) 

The  power  spectra  of  the  data  in  Fig.  1  are  shown 
in  Fig.  2  [8].  The  smooth  lines  are  fits  to  (2)  for 
0.006  </<  0.022  G-1  (small  stadium)  and  for 
0.024  </<  0.184  G-1  (large  stadium).  The  lower 
bound  corresponds  to  an  area  of  about  (27m)-1, 
which  is  approximately  the  smallest  area  for  which 
(3)  is  expected  to  hold  [1].  The  upper  bound  is 
the  largest  /  for  which  (2)  remains  a  good  fit  to 
the  data  (found  iteratively).  It  is  always  larger 
than  (</>0a)-1.  The  fits  give  <f)Qa  =  61.3  G  (small 
stadium)  and  8.5  G  (large  stadium).  The  fre¬ 
quency  interval  used  in  the  fit  affects  the  value  of 
<j)0a  by  as  much  as  ±20%.  Fig.  3  shows  the  range 
of  cf)Qa  values  which  give  reasonable  fits  over 
some  frequency  interval,  for  measurements  at 
several  values  of  Vg.  The  bar  at  Vg  =  0  represents 
several  measurements  separated  by  thermal  cy- 
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Fig.  2.  Power  spectra  of  the  data  in  Fig.  1  (circles)  and  fits  to 
Eq.  (2)  (lines).  Insets:  Stadium  shape  with  leads  and  dimen¬ 
sions  for  each  stadium. 

cles  to  T>11  K.  There  is  no  apparent  trend  in 
<j)0a  with  Kg,  which  indicates  the  size  and  shape 
of  the  cavity  are  independent  of  Vg  over  the 


Fig.  3.  Characteristic  field  (f>0a  of  the  small  (squares)  and 
large  (circles)  stadia  for  several  gate  voltages.  The  bars  give 
the  range  of  values  which  give  good  fits  and  the  points  are  the 
mean  values. 


Table  1 


Characteristic  field  <£0a  for  both  stadia 


Stadium 

4>0a  (G) 

Simulation 

Experiment 

Small 

23 

70 

Large 

3.5 

9.3 

Simulation  values  are  from  Ref.  [9].  Experimental  values  are 
average  values  for  several  thermal  cycles  and  gate  voltages. 


range  shown.  The  mean  <j>0a  for  each  stadium 
over  all  Vg  is  shown  in  Table  1. 

The  expected  value  of  0oa  for  a  stadium  can 
be  found  by  numerical  simulation  of  classical 
particles  scattering  in  the  cavity  [1].  Our  stadium 
shape  with  offset  leads  has  not  been  simulated, 
but  simulations  for  symmetric  stadia  with  directly 
opposite  leads  may  be  used  as  a  first  estimate. 
For  symmetric  stadia,  simulations  [9]  give  the 
values  of  <f>0a  shown  in  Table  1.  The  experimen¬ 
tal  value  of  0O  a  for  each  stadium  is  about  three 
times  larger  than  the  simulation  value,  indicating 
the  typical  enclosed  areas  in  our  stadia  are  about 
three  times  smaller  than  expected.  Jensen  [2]  has 
argued  that  a  tendency  for  trajectories  to  circu¬ 
late  in  one  direction  before  being  backscattered 
exists  in  the  symmetric  stadium  with  R  »  W. 
This  effect  increases  the  typical  area  enclosed  by 
a  factor  of  about  four.  Our  experimental  results 
indicate  a  much  weaker  circulation  effect,  which 
is  likely  due  to  the  cavity  edges  not  being  per¬ 
fectly  smooth.  A  more  realistic  simulation  of  our 
shape  would  be  helpful.  It  is  important  to  note 
that  the  ratio  of  the  two  experimental  values 
agrees  fairly  well  with  the  prediction  from  the 
simulations,  indicating  that  the  fluctuations  scale 
with  cavity  size  as  expected.  Also  note  that  the 
ratio  is  not  simply  the  inverse  ratio  of  the  total 
cavity  areas.  Jensen  [2]  has  derived  an  analytical 
expression  for  0oa  in  terms  of  R  and  W  for 
symmetric  stadia.  His  result  predicts  values  of 
18  G  for  the  small  stadium  and  3.8  G  for  the 
large  stadium. 


4.  Conductance  versus  wavevector 

Fig.  4  shows  the  conductance  of  the  small 
stadium  as  a  function  of  Fermi  wavevector  at 
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B  =  0.  Again  we  observe  random  but  repro¬ 
ducible  fluctuations.  These  fluctuations  are  also 
expected  to  have  a  power  spectrum  predicted  by 
semiclassical  theory  [1].  This  aspect  of  the  data  is 
still  under  investigation  and  will  be  discussed 
elsewhere. 

Here  we  focus  on  the  contribution  of  short, 
non-chaotic  paths  to  the  conductance.  Two  such 
paths  are  suggested  in  the  inset  of  Fig.  4.  Path  1 
goes  directly  between  the  two  leads  and  path  2 
bounces  once  off  each  side  of  the  cavity.  In  the 
semiclassical  picture,  the  transmission  of  these 
two  paths  has  a  phase  factor  exp[ikF(Lx  -L2)\ 
where  Lx  and  L2  are  the  path  lengths.  This 
phase  will  oscillate  as  kF  is  changed,  and  if  such 
a  pair  of  paths  contributes  strongly  to  the  conduc¬ 
tance,  the  Fourier  power  of  G(kF )  will  show  a 
peak  at  the  frequency  of  the  oscillation,  1/A kF  = 
(Lx-  L2)/2t7.  The  (unaveraged)  Fourier  power 
of  G(kF)  for  the  small  stadium  at  several  values 
of  B  is  shown  in  Fig.  5.  At  B  =  0  there  are  two 
peaks  present,  indicating  two  pairs  of  paths  make 
an  important  contribution.  At  B  =  20,  35,  and 
50  G  (not  shown),  the  same  two  peaks  are  found 
with  nearly  the  same  amplitudes.  At  B  =  70  G, 
the  higher  frequency  peak  begins  to  disappear 
and  a  new  peak  appears  at  low  frequency.  The 
lower  frequency  peaks  persist  until  B  =  350  G, 
the  largest  field  used.  The  magnetic  field  causes 
the  paths  to  curve,  and  a  path  will  cease  to 
contribute  strongly  to  the  conductance  when  it  no 


Fig.  4.  G(k  F)  for  the  small  stadium  at  5  =  0.  The  wavevector 
range  shown  corresponds  to  —  0.1  <  Vg  <  0.1  V.  The  number 
of  modes  in  the  leads,  kFW/rr,  changes  from  5.2  to  5.8  over 
this  range.  Inset:  A  possible  pair  of  short  paths  inside  the 
cavity  (see  text). 


,  ,  i  n  ■  n  t  rr  ■  i 
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l/AkF  (pm) 

Fig.  5.  Fourier  power  of  G(kF)  for  the  small  stadium,  after 
subtraction  of  a  linear  background  from  G(kF). 

longer  enters  the  opposite  lead.  A  higher  fre¬ 
quency  peak  presumably  involves  a  longer  path, 
and  thus  will  be  affected  by  a  smaller  field,  con¬ 
sistent  with  our  observations. 

At  this  point  we  cannot  identify  the  exact 
paths  which  are  responsible  for  the  observed 
peaks  in  the  Fourier  spectra.  It  would  be  helpful 
to  have  similar  data  for  a  range  of  cavity  sizes. 
Unfortunately,  the  ability  to  vary  the  density  in 
the  large  stadium  was  lost  before  such  data  could 
be  obtained.  Nonetheless,  our  results  show  that 
some  pairs  of  relatively  short  paths  are  important 
and  that  the  longer  paths  which  reflect  the  chaotic 
classical  dynamics  of  the  cavity  do  not  completely 
determine  the  conductance  [10].  This  was  men¬ 
tioned  in  reports  of  numerical  studies  [1],  but  has 
not  been  measured  previously. 


5.  Weak  localization 

The  data  for  the  small  stadium  in  Fig.  1  show  a 
pronounced  peak  at  B  =  0.  This  feature  has  a 
width  comparable  to  <f>0a,  and  was  identified 
previously  [4]  as  a  weak  localization  (WL)  effect 
due  to  breaking  of  time  reversal  symmetry  by  the 
magnetic  field.  We  do  not  find  a  strong  peak  at 
B  =  0  for  all  values  of  Vg,  nor  after  every  thermal 
cycle  to  T  >  11  K  for  Vg  =  0.  WL  always  produces 
negative  magnetoresistance,  but  when  fluctua- 
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Fig.  6.  A G(kF,  B )  =  G(kF,  B )  -  G(kF,  0)  for  the  small  stadium  at  B  «  20,  35,  50,  70,  100,  140,  210,  280,  and  350  G.  The  traces  are 
generally  in  order  of  increasing  B  from  bottom  to  top. 


tions  are  also  present,  the  net  magnetoresistance 
can  be  of  either  sign.  The  WL  can  only  be  distin¬ 
guished  from  the  fluctuations  by  performing  an 
ensemble  average.  In  our  sample  the  gate  allows 
us  to  average  over  Fermi  energy. 

The  WL  can  be  expressed  as  the  change  in 
conductance  A G(kF,B)  =  G(kF,B )  -  G(kF, 0). 
This  is  shown  in  Fig.  6  for  several  values  of  B. 
This  plot  explicitly  shows  the  variation  in  the  WL 
effect  as  we  access  different  members  of  the 
ensemble  of  the  cavity  by  changing  kF.  For  some 
members  the  effect  is  large  and  for  others  it  is 
small,  and  both  positive  and  negative  effects  are 
seen.  The  energy-averaged  WL  effect  is  simply 
the  mean  of  AG  over  the  entire  range  of  Fig.  6, 
and  it  is  shown  in  Fig.  7.  We  find  (AG)  increases 
sharply  for  small  B  and  then  rises  more  slowly  for 


Fig.  7.  Mean  AG  for  the  wavevector  range  shown  in  Fig.  6. 
The  field  scale  has  been  normalized  using  <j>0a  =  70  G.  The 
point  at  B  =  0  is  the  difference  between  two  G(kF)  traces  at 
B  =  0  taken  before  and  after  all  the  other  traces  (three  days 
apart). 


B  larger  than  about  1 .5</>0a.  In  Ref.  [3],  the 
energy- averaged  change  in  conductance  was  cal¬ 
culated  from  numerically-generated  G(kF)  traces 
in  the  same*  fashion  as  described  here.  Very  simi¬ 
lar  behavior  was  found  for  (AG)  versus  B  in 
stadium-like  structures  with  no  direct  paths  be¬ 
tween  the  leads. 

Ref.  [3]  also  explored  the  effect  of  cavity  shape 
on  the  weak  localization  effect.  It  was  found  that 
the  effect  is  qualitatively  different  in  chaotic  and 
non-chaotic  cavities,  and  that  the  symmetry  of  the 
cavity  affects  the  size  of  the  effect  by  a  substan¬ 
tial  amount.  Ongoing  studies  are  aimed  at  testing 
these  predictions. 


6.  Conclusion 

We  have  observed  fluctuations  in  the  resis¬ 
tance  of  chaotic  cavities  as  a  function  of  magnetic 
field  which  scale  with  the  cavity  size  as  expected 
from  simulations  of  classical  particles.  There  ap¬ 
pears  to  be  a  weaker  circulation  effect  in  our 
cavities  than  is  seen  in  simulations  of  shapes  with 
symmetric  leads  and  perfectly  smooth  edges.  We 
find  peaks  in  the  power  spectrum  of  G(kF)  which 
indicate  an  important  contribution  from  pairs  of 
short,  non-chaotic  paths.  We  have  measured  weak 
localization  as  a  function  of  energy  and  we  ob¬ 
serve  an  energy-averaged  weak  localization  effect 
similar  to  the  effect  seen  in  recent  calculations 
[3]. 
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Abstract 

We  study  the  universal  conductance  fluctuations  (UCF)  in  two-dimensional  mesoscopic  systems  in  the  presence  of 
a  strong  magnetic  field  when  the  Hall  conductance  axy  is  not  negligible  compared  to  crxx.  We  find  that  the  Hall 
component  of  the  diffusion  current  modifies  the  boundary  conditions  for  the  diffuson  and  gives  rise  to  a  qualitatively 
new  behavior  of  the  UCF.  In  particular,  when  crxy  is  larger  than  axx ,  the  magnetic  field  correlation  length  Bc  is 
proportional  to  axx  instead  of  the  usual  inverse  proportionality  leading  to  oscillations  in  Bc  in  phase  with  the 
Shubnikov-de  Haas  oscillations  of  orxx. 


1.  Introduction 


2.  Correlation  function 


The  properties  of  a  two-dimensional  electron 
gas  in  a  strong  magnetic  field  are  dominated  by 
the  integer  quantum  Hall  effect,  which  corre¬ 
sponds  in  its  extreme  form  to  a  strong  localiza¬ 
tion.  Nevertheless,  if  the  size  of  a  sample  is 
smaller  than  the  localization  length,  the  dissipa¬ 
tive  conductivity  axx  can  be  larger  than  the  quan¬ 
tum  unit  e2/h.  Large  values  of  axx  coexist  in  this 
regime  with  large  values  of  the  Hall  conductivity 
axy.  Mesoscopic  conductance  fluctuations  in  this 
regime  can  be  studied  by  the  standard  perturba¬ 
tive  techniques.  Here  we  will  focus  our  attention 
on  the  new  features  of  the  fluctuations  which 
appear  as  a  result  of  a  nonvanishing  axy. 


The  conductance  fluctuations  can  be  described 
by  means  of  the  correlation  function 

Fb(  AB)  =  < 8G(B  +  AB)8G(B )>,  (1) 

which  can  be  calculated  by  conventional  diagram¬ 
matic  techniques  [1-4].  The  physical  meaning  of 
these  diagrams  corresponds  to  representation  of 
the  electron  propagator  in  a  form  of  a  Feynman 
path  integral.  At  strong  magnetic  fields  where  the 
cooperon  contribution  is  suppressed,  it  is  suffi¬ 
cient  to  consider  only  diffusive  paths  shown  in 
Fig.  1.  The  sum  over  all  such  paths  is  the  diffuson 
Pw(r,  r').  Formal  evaluation  of  this  sum  gives 
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Fig.  1.  Trajectories  contributing  to  the  diffuson.  Solid  line 
corresponds  to  magnetic  field  B,  and  the  dashed  line  corre¬ 
sponds  to  B  +  A£. 


Here  (/>„  and  An  are  the  eigenfunctions  and 
eigenvalues  of  the  diffusion  equation 

&  <72-^ 2  <t>n{y)=An4>n(y)-  (3) 

We  will  consider  long  narrow  samples  of  length 
L  and  width  w<§cL.  Solutions  of  this  equation 
should  then  satisfy  the  condition  of  vanishing  of 
the  transverse  diffusion  current  on  the  boundary 
y  =  0,  w.  At  strong  magnetic  fields  this  current  is 
proportional  not  only  to  the  transverse  gradient 
(conventional  diffusion  with  diffusion  coefficient 
but  also  to  the  longitudinal  gradient  (Hall 
diffusion  with  Hall  diffusion  coefficient  The 
total  diffusion  current  is  therefore  given  by 

/=  -&Vil>(r)  -&HzXVils(r).  (4) 

The  transverse  component  of  the  diffusion  cur¬ 
rent  (4)  vanishes  at  the  boundary  provided  the 
eigenfunctions  <^(y)  satisfy  the  condition 

—  +  iyq^4>^(y)  =0  (5) 

at  the  boundaries  y  =  0,  w.  Here  y  is  the  ratio  of 
the  Hall  and  the  longitudinal  diffusion  coeffi¬ 
cients.  From  the  Einstein  relations  it  follows  that 
it  is  also  equal  to  the  ratio  between  Hall  and 
longitudinal  conductivities  y  =  crxy/crxx. 

An  easy  way  to  solve  Eq.  (3)  with  boundary 
conditions  (5)  is  by  noticing  that  the  functions 
Xn(y)  =  (d/d y  +  iyq^iy)  satisfy  the  same 
equation  with  simpler  boundary  conditions  xn  = 


0.  Therefore  (d/dy  +  iy#)<^(y)  =  sin(«7ry/vv). 
Inverting  this  relation,  we  find 


fA0  exp(  -\yqy)  if  n  =  0, 

r  nrr  nir  nir 

An  —  cos  — y  -  iyq  sin  — y 
[  w  w  w 

i  if  n  #  0, 


where  An  is  a  normalization  constant.  The  corre¬ 
sponding  eigenvalues  are 


if  n  =  0, 
if  n  ¥=  0 . 


(7) 


In  the  n  =  0  eigenmode  the  transverse  current 
vanishes  identically.  Form  (7)  it  follows  that  the 
diffusion  constant  for  this  mode  is  enhanced  in 
the  presence  of  a  magnetic  field  by  a  factor 
1  +  y2.  This  effective  diffusion  constant  corre¬ 
sponding  to  the  n  =  0  mode  is  coupled  by  the 
Einstein  relation, 


- =  e2v97{\  +  y2), 

Pxx 


(8) 


not  to  the  longitudinal  conductivity  axx ,  but  rather 
to  inverse  resistivity  1/p**  =  (crxx  +  crxy)/(rxx. 

Since  the  boundary  conditions  (5)  are  not  self- 
adjoint,  we  need  to  consider  also  the  right  eigen¬ 
functions  4>f(y)  which  satisfy  the  same  equation, 
but  with  the  adjoint  boundary  conditions  (d/d  y 
-  \yq)<j>*(y)  =  0.  Comparison  of  this  condition 
with  the  boundary  condition  (5)  satisfied  by  (f>L 
gives  <j)f(y)  =  <^*(y).  From  the  biorthogonality 
relation  <</>*  |  $„)  =  Snn'  it  then  follows  that  the 
eigenfunctions  <fi„  satisfy 


r<t>n(y)^n(y)  dy-Snn"  (9) 

Jo 


The  amplitude  of  the  conductance  fluctuations 
at  strong  magnetic  fields  can  now  be  easily  deter¬ 
mined  by  using  the  standard  expression  of  the 
correlation  function  (1)  in  terms  of  the  eigenfunc¬ 
tions  and  eigenvalues  of  the  diffuson  [1-5].  At 
low  temperatures  only  the  lowest  eigenvalue  gives 
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a  significant  contribution  and  the  diffuson  can  be 
approximated  as 


P$*(q,  y,  y')  = 


^2  e-i yq(y+y’) 


-io)  +^(1  +  y2)q2 


(10) 


Using  (10),  we  find  that  at  low  temperatures  the 
amplitude  of  the  conductance  fluctuations  de¬ 
pends  explicitly  on  y: 


Fb(AB  =  0) 


ef\  1  4 

ft  /  /l  +  y2  L3 


(11) 


Here,  Lx  is  the  thermal  length,  LT  =  yJhQt /T . 

The  low  temperature  result  (11)  holds  pro¬ 
vided  Lt  >  w/l  H-  y2  .  At  higher  temperatures  the 
contribution  of  other  eigenvalues  cannot  be  ne¬ 
glected,  and  for  LT  <  w  they  dominate  the  behav¬ 
ior  of  the  fluctuations.  Since  only  the  n =  0  eigen¬ 
value  depends  on  y,  for  LT  <  w  we  obtain  the 
standard  2d  expression  for  the  fluctuation  ampli¬ 
tude. 


3.  Correlation  field  Bc 


The  dependence  of  the  correlation  function  (1) 
on  the  field  difference  A  B  can  be  determined  by 
an  introduction  of  AB  into  both  the  diffusion 
equation  (3)  and  the  boundary  conditions  (5). 
This  can  be  achieved  by  making  the  substitution 
V-*V-  i(e/hc)A.  It  is  convenient  to  choose  the 
gauge  Ax=-ABy,  Ay  =  yABy  which  corre¬ 
sponds  to  the  substitution  q  ->  q  -  (eAB/hc)y, 
d/d y  ->  d/d y  +  iy(eAB/hc)y.  In  this  gauge  the 
magnetic  field  difference  AB  cancels  out  of  the 
boundary  conditions.  We  thus  find  that  at  finite 
A  B  the  eigenfunctions  and  the  eigenvalues  of  the 
diffuson  can  be  determined  from  the  equation 


q  - 


eAB 

he 


d2 

dr 


eAB  d 


y\  -^~2  +  2iy 


he  y  d  y 


2leAB\  2 

MM y 


ti(y)-A»ti(yh  (12) 


subject  to  the  boundary  condition  (5).  Corrections 
to  the  eigenvalues  to  leading  order  in  A  B  can  be 
determined  by  using  the  explicit  form  of  the 


unperturbed  eigenfunctions  (6).  In  particular,  we 
find 


AA0=^(1  +  y2) 


w J 


12 


(13) 


Substitution  of  this  correction  into  the  low-tem¬ 
perature  form  of  the  diffuson  yields  the  correla¬ 
tion  field  Bc 


( hc/e)T 
c  h&(l  +  y2) 


~  ecvTpxx, 


(14) 


where  we  have  used  the  Einstein  relation  (8). 

From  Eq.  (14),  it  follows  that  in  the  low  tem¬ 
perature  limit  Lt  >  W]fl  +  y2 ,  the  correlation 
field  Bc  is  proportional  to  the  longitudinal  resis¬ 
tivity  pxx.  In  the  limit  crxy  =  0  this  result  agrees 
with  the  standard  theory  of  universal  conduc¬ 
tance  fluctuations  which  predicts  that  Bc  should 
be  inversely  proportional  to  the  longitudinal  con¬ 
ductivity  crxx.  However,  in  the  high  field  regime 
where  o xy>crxx,  pxx  is  proportional  to  axx.  The 
standard  theory  therefore  predicts  oscillations  in 
Bc  180°  out  of  phase  with  Shubnikov-de  Haas 
oscillations  in  pxxi  whereas  we  find  oscillations  in 
phase  with  SdH  oscillations. 

Experimental  observation  of  the  conductance 
fluctuations  in  the  high  field  regime  has  been 
reported  recently  by  a  number  of  groups  [6-9]. 
Oscillations  in  Bc  in  phase  with  SdH  oscillations 
were  observed  in  at  least  one  of  these  experi¬ 
ments  [9]. 
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Abstract 

Resonant  tunneling  diodes  with  wide  quantum  wells  are  investigated  in  the  presence  of  a  large  magnetic  field 
oriented  at  various  angles  to  the  plane  of  the  well.  The  current-voltage  characteristics  exhibit  a  large  number  of 
resonant  peaks,  even  when  the  electron  motion  in  the  quantum  well  is  classically  chaotic.  We  show  that  the  spacing 
of  the  peaks  in  the  chaotic  region  is  determined  by  the  period  of  unstable  periodic  orbits  in  the  potential  well  and 
provides  direct  evidence  of  an  effect  analogous  to  period  doubling. 


The  quantum  mechanical  description  of  classi¬ 
cally  chaotic  systems  is  one  of  the  most  interest¬ 
ing  and  challenging  problems  in  contemporary 
physics  [1,2].  An  impressive  body  of  theoretical 
work  already  exists,  but  to  date  the  range  of 
experiments  studying  quantum  chaos  has  been 
limited.  Most  experimental  work  has  focused  on 
the  spectroscopy  of  the  highly  excited  states  of 
atoms  in  high  magnetic  fields  [3]  and  on  the 
ionisation  of  atoms  in  strong  microwave  fields  [4]. 
In  condensed  matter  physics,  recent  experiments 
have  explored  the  effect  of  chaos  on  quantum 
transport  [5-7]. 

In  this  paper  we  describe  a  new  and  flexible 
experiment  for  studying  electrons  in  a  quantum 
mechanically  confined  system  under  conditions 
when  their  motion  is  classically  chaotic.  Fig.  la 
shows  two  infinite  potential  barriers,  with  a  uni¬ 
form  electric  field  E  along  the  normal  to  the 
barrier  interfaces  (~E\\x).  Electrons  moving  clas¬ 
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sically  between  the  barriers  undergo  specular  re¬ 
flection  from  the  left-hand  (emitter)  and  right- 
hand  (collector)  barrier.  If  a  magnetic  field  B  is 
applied  at  an  angle  0  =  0°  or  9  =  90°  to  x  the 
electron  orbits  are  periodic.  At  intermediate  tilt 


Fig.  1.  (a)  Plan  view  of  the  classical  double  barrier  system  in 
the  tilted  field  geometry,  (b)  Schematic  conduction  band 
profile  of  a  resonant  tunneling  diode.  The  hatched  region 
represents  the  2D  accumulation  layer. 
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Full  details  of  the  layer  composition  are  given 
elsewhere  [9].  Electrons  tunnel  into  the  quantum 
well  from  the  occupied  states  of  a  two-dimen¬ 
sional  accumulation  layer.  The  resonant  peaks  in 
the  current-voltage  characteristic  I(V)  are  su¬ 
perimposed  on  a  monotonically  increasing  back- 


Fig.  2.  Projection  on  the  x-y  plane  of  classical  orbits  for  a  60 
nm  potential  well  with  E  =  3.5  XlO6  V  m_1,  B  =  11.4  T  and 
(a)  6  =  46°,  (b)  6  =  45°.  The  effective  mass  in  GaAs  is  used. 


angles  the  electron  motion  comprises  a  constant 
acceleration  along  B  and  a  cycloidal  drift  in  the 
orthogonal  plane.  Specular  reflection  at  the  bar¬ 
rier  interfaces  repeatedly  resets  the  boundary 
conditions  for  the  cycloidal  motion  and,  when  the 
cyclotron  radius  is  sufficiently  small,  produces 
orbital  segments  which  rapidly  become  uncorre¬ 
lated  and  are  collectively  chaotic.  For  general 
initial  velocity  at  the  emitter  barrier,  the  motion 
is  aperiodic.  However,  periodic  orbits  do  occur 
for  certain  starting  velocities  as  shown  in  Fig.  2a. 
Note  that  if  6  is  reduced  by  only  one  degree,  the 
motion  becomes  aperiodic  (Fig.  2b).  This  extreme 
sensitivity  to  the  initial  conditions  is  the  defining 
characteristic  of  classical  chaos. 

At  high  quantum  numbers  ( n  >  20)  the 
energy-level  spectrum  of  the  potential  well  is  very 
complicated  [8]  corresponding  to  the  classically 
chaotic  domain.  By  reducing  the  barriers  to  a 
finite  height  as  in  a  double-barrier  tunnel  struc¬ 
ture,  the  level  pattern  is  qualitatively  unchanged 
but  we  may  now  probe  this  spectrum  using  reso¬ 
nant  tunneling  spectroscopy. 

Our  structure  consists  of  a  GaAs  quantum  well 
of  width  w  =  120  nm  enclosed  by  two  Al0  4Ga0  6  As 
tunnel  barriers  of  thickness  b  =  5.6  nm  (Fig.  lb). 


Fig.  3.  d G /dV  plots  for  a  resonant  tunneling  diode  contain¬ 
ing  a  120  nm  wide  quantum  well  with  i?  =  11.4  T  and  (a) 
61  =  0°,  (b)  8  — 15°,  (c)  8  =  20°,  (d)  0  =  40°,  (e)  0  =  80°,  (f) 
8  -  90°.  The  resonances  are  related  to  the  classical  periodic 
orbits  (inset)  projected  onto  the  x-y  plane. 
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ground  which  we  suppress  by  taking  second 
derivative  plots,  d2I/dV2.  Fig.  3  shows  measure¬ 
ments  of  dG/dV  =  d2I/dV2  for  a  range  of  tilt 
angles  with  B  =  11  AT. 

At  0  =  0°,  a  series  of  resonant  tunneling  peaks 
is  observed  with  a  voltage  spacing  AV  -  30  mV 
[10].  The  beating,  at  around  550  and  850  mV,  is 
due  to  an  “over  the  barrier”  quantum  interfer¬ 
ence  effect  at  the  collector  barrier  [10].  Oscilla¬ 
tory  structure  in  I(V)  persists  up  to  tilt  angles  of 
just  over  50°,  but  it  decreases  in  amplitude  and 
changes  its  periodicity  with  increasing  0.  For  0°  < 

0  <  10°  the  voltage  separation  AV  decreases 
gradually  as  cos20  [11].  At  larger  tilt  angles  the 
oscillatory  structure  changes  dramatically.  In  par¬ 
ticular,  at  d  =  15°,  the  spacing,  AK,  of  the  oscilla¬ 
tions  decreases  by  a  factor  of  ~  2  to  a  value  of 
~  12  mV  at  voltages  above  ~  460  mV,  with  the 
more  widely  spaced  oscillations  persisting  at  lower 
bias.  The  boundary  between  these  two  regions  is 
very  distinct  and  moves  steadily  to  lower  bias  with 
increasing  angle.  At  0  >  24°,  the  shorter  period 
oscillations  dominate  the  I(V)  curves  in  the  range 
of  voltage  up  to  800  mV.  For  15°  <  0  <  50°,  their 
period  is  almost  constant.  For  angles  between  50° 
and  60°,  no  regular  oscillatory  structure  is  ob¬ 
served.  For  6  >  60°  a  new  series  of  much  more 
widely-spaced  oscillations  is  observed  in  dG/dV. 
The  voltage  separation  of  these  resonances  de¬ 
creases  as  B  approaches  90°,  c.f  Figs.  3e  and  3f. 

In  a  classical  picture,  electrons  in  the  potential 
well  execute  regular  helical  orbits  for  0  =  0°  (Fig. 
3a)  and  skipping  orbits  for  0  =  90°  (Fig.  3f). 
Quantisation  of  these  orbits  in  the  quasiclassical 
regime  gives  an  energy-level  splitting  A e  =  h/r, 
where  r  is  the  periodic  time  for  return  to  the 
emitter  barrier.  This  is  related  to  the  voltage 
separation  between  adjacent  peaks  in  the  dG/dV 
plots  by  AV  =  fAe/e ,  where  the  factor  2  de¬ 
pends  on  the  potential  distribution  in  the  struc¬ 
ture.  The  larger  AV  values  at  0  =  90°  compared 
with  0  =  0°  are  attributable  to  the  shorter  return 
times  of  the  skipping  orbits  [12]. 

Although  the  energy  spectrum  of  a  classically 
chaotic  system  is  complex,  regular  clusterings  of 
levels  occur  which  are  related  to  the  unstable 
periodic  orbits  of  the  system.  This  produces  oscil¬ 
latory  structure  in  the  smoothed  density  of  states 


and  the  energy  period  AeP  is  related  to  the 
unstable  orbit  period  TP  by  A eP  =  h/TP  [1,2]. 
Our  experiments  probe  the  density  of  states  of 
the  quantum  well  so  the  voltage  spacings  AV  are 
directly  related  to  the  unstable  periodic  orbits  by 
AV=fh/eTP.  We  have  therefore  used  numerical 
simulations  to  search  for  periodic  orbits  in  a 
potential  well  which  has  impenetrable  barriers 
but  is  otherwise  identical  to  that  in  the  device. 
The  starting  velocities  at  the  emitter  barrier  are 
chosen  to  be  consistent  with  the  momenta  of  the 
occupied  states  in  the  accumulation  layer.  The 
orbital  paths  are  then  obtained  by  numerical  so¬ 
lution  of  Newton’s  equations,  including  specular 
reflection  at  the  barrier  interfaces.  For  0  <  10°, 
the  allowed  periodic  orbits  are  all  modified 
corkscrew  trajectories  which  collide  only  once 
with  each  barrier  per  period,  as  shown  in  Fig.  4a. 
When  0  =  20°,  modified  corkscrew  orbits  exist  for 
V  <  400  mV.  When  V  =  200  mV  a  second  type  of 


Fig.  4.  Periodic  classical  orbits  calculated  for  a  120  nm  wide 
well  (B  =  11.4  T  and  6  -  20°)  projected  onto  the  x-y  plane. 
With  increasing  electric  field  the  corkscrew  orbits  (a)  evolve 
into  star-shaped  orbits  (c)  via  a  period-doubling  transition  (b). 
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periodic  orbit  is  observed  (Fig.  4b).  Electrons  in 
these  orbits  make  two  successive  collisions  with 
the  collector  barrier  before  returning  to  their 
starting  point  on  the  emitter  barrier.  The  path 
between  the  two  successive  collisions  on  the  col¬ 
lector  barrier  (dotted  curve  in  Fig.  4b)  almost 
intersects  with  the  emitter  barrier.  The  period  TD 
for  these  orbits  is  almost  twice  that  for  the  modi¬ 
fied  corkscrew  orbits.  However,  for  V  =  200  mV, 
Td  *  1.2  ps  is  much  greater  than  the  LO  phonon 
emission  time  tlo  ~  0-2  ps  [13]  of  hot  electrons  in 
GaAs.  At  this  voltage  the  energy-level  clusters 
corresponding  to  the  classical  period-doubled  or¬ 
bit  are  therefore  not  resolved  in  the  dG/dV  plot. 
As  V  is  increased,  the  orbital  segment  between 
successive  collisions  with  the  collector  barrier  is 
pulled  away  from  the  emitter  barrier  so  that  the 
total  path  length  and  orbital  period  both  fall.  The 
closely-spaced  energy  level  clusters  associated 
with  the  period-doubled  orbit  dominate  the  reso¬ 
nant  structure  in  dG/dV  for  V>  375  mV,  when 
Td  becomes  comparable  with  tlo.  The  orbital 
path  then  passes  close  to  the  centre  of  the  quan¬ 
tum  well  between  successive  collisions  with  the 
collector  barrier  as  shown  in  Fig.  4c.  Electrons  in 
these  star-shaped  orbits  therefore  travel  almost 
twice  the  distance  in  the  ^-direction  as  electrons 
in  the  modified  corkscrew  orbits.  The  period  for 
the  star-shaped  orbits  (0.62  ps  for  V  =  400  mV, 
6  =  20°)  is  almost  twice  that  for  the  corkscrew 
orbits  (0.35  ps  for  V=  400  mV,  0-0°  and  20°). 
The  separation  of  energy  level  clusters  corre¬ 
sponding  to  the  star-shaped  orbits  is  therefore 
approximately  half  that  for  the  corkscrew  orbits. 
This  is  the  origin  of  the  reduction  of  AV  by  a 
factor  ~  2,  which  is  observed  with  increasing 
voltage  for  tilt  angles  in  the  range  10°  <  6  <  24°. 
From  the  above  orbital  periods  we  calculate  val¬ 
ues  of  AV  =  30  and  13  mV  for  resonances  associ¬ 
ated  with  the  corkscrew  and  star-shaped  orbits, 
respectively.  These  values  are  in  good  agreement 
with  the  measured  peak  spacings  of  30  and  12 
mV.  Within  the  allowed  range  of  initial  velocities 
the  corkscrew  and  star-shaped  orbits  coexist  over 
a  limited  range  of  6  and  bias  and  the  two  periods 
observed  in  dG/dV  at  around  350  mV  for  6  =  20° 
provide  evidence  for  this.  Similar  star-shaped  or¬ 
bits  occur  for  tilt  angles  in  the  range  10°  <  6  <  50° 


and  account  for  all  the  high-frequency  resonant 
structure  (AV  ~  15  mV)  in  dG/dV.  Although  the 
shape  of  the  orbits  changes  with  6  and  V,  the 
topology  does  not  (compare  Figs.  3b-d)  and  the 
period  remains  ~  0.6  ps,  which  accounts  for  the 
slow  variation  of  AV. 

For  50°  <  0  <  60°,  the  classical  star-shaped  or¬ 
bits  are  replaced  by  more  complicated  periodic 
orbits.  However,  the  period  of  these  orbits  greatly 
exceeds  rLO  so  that  no  regular  structure  is  re¬ 
solved  in  dG/dV.  For  0  >  60°,  Bz  is  sufficiently 
high  that  the  electrons  in  classical  periodic  orbits 
make  several  skips  along  the  emitter  barrier  be¬ 
fore  traversing  the  well,  as  shown  in  Fig.  3e.  The 
total  orbital  period  7  =  3  ps  is  much  greater  than 
tlo  so  that  the  associated  energy  level  clusters 
are  not  resolved.  However,  the  time  interval  rs  of 
each  skip  along  the  emitter  barrier  (0.08  ps  for 
6  80°  and  V  =  590  mV)  is  almost  40  times 

smaller  than  T.  We  can  give  a  quantitative  expla¬ 
nation  for  the  gradual  reduction  of  AV  with 
increasing  6  >  60°  by  using  the  skipping  times  rs 
rather  than  the  total  orbital  period  to  determine 
the  spacing  of  the  clusters  in  the  energy  eigen¬ 
value  spectrum  of  the  quantum  well. 

It  should  be  noted  that  the  range  of  allowed 
starting  velocities  does  not  give  perfectly  periodic 
orbits  over  the  entire  range  of  6  and  applied 
voltage.  However,  orbits  which  are  almost  peri¬ 
odic  over  several  LO  phonon  emission  times  ( >  10 
ps)  do  occur  over  the  measured  range  of  tilt 
angles  and  bias  voltages.  Most  of  the  resonant 
structure  in  I(V)  is  presumably  due  to  these 
almost-periodic  orbits. 

In  summary,  we  have  shown  that  the  classical 
motion  of  electrons  in  a  potential  well  is  chaotic 
in  the  presence  of  a  tilted  magnetic  field.  Our 
studies  highlight  the  potential  of  the  resonant¬ 
tunneling  diode  for  studying  chaos  in  a  system 
which  shows  clear  quantum  behaviour.  The  reso¬ 
nant  structure  observed  in  dG/dV  is  analogous 
to  the  Garton-Tomkins  resonances  [14]  in  the 
absorption  spectrum  of  highly-excited  hydrogenic 
atoms  in  high  magnetic  fields.  However,  in  our 
structures  the  device  parameters  can  be  tailored 
so  that,  in  a  classical  picture,  the  electrons  are 
injected  into  periodic  orbits  with  specified  topolo¬ 
gies  and  return  times. 
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Abstract 

We  have  studied  tunneling  transport  through  a  high-mobility  two-dimensional  electron  gas  in  a  GaSb/AlSb/ 
InAs/AISb/GaSb  heterostructure.  In  high  perpendicular  magnetic  fields  and  at  temperatures  below  1  K  the 
tunneling  conductance  shows  deviations  from  regular  Shubnikov-de  Haas  oscillations.  An  overall  decrease  in 
conductance  with  decreasing  temperature  is  attributed  to  the  formation  of  a  Coulomb  gap  in  the  tunneling  density  of 
states.  Reproducible  conductance  fluctuations  are  due  to  resonant  tunneling  possibly  through  interface-related 
states. 


Resonant  tunnel  diodes  fabricated  from  InAs / 
AlSb/GaSb-type  heterostructures  show  special 
properties  because  transport  involves  the  valence 
band  of  GaSb  and  the  conduction  band  of  InAs 
[1-5].  At  room  temperature  they  show  high  peak- 
to-valley  ratios  and  large  current  densities  [2,3], 
which  is  important  for  device  applications.  At  low 
temperatures,  the  diodes  are  ideally  suited  for 
studying  the  properties  of  a  high-mobility  two-di¬ 
mensional  electron  gas  (2DEG).  The  valence  band 
edge  of  GaSb  lies  at  a  higher  energy  than  the 
conduction  band  edge  of  InAs.  In  the  het¬ 
erostructure  shown  in  Fig.  1  charge  is  transferred 
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from  the  GaSb  electrodes  to  the  InAs  quantum 
well  (the  AlSb  layers  act  as  tunnel  barriers).  If  a 
magnetic  field  is  applied  perpendicular  to  the 
plane  of  the  quantum  well,  the  electrons  con¬ 
dense  into  Landau  levels.  The  corresponding 


AlSb  AlSb 


Fig.  1.  Schematic  band  diagram. 
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change  in  the  density  of  states  is  reflected  in  the 
tunneling  current  through  the  structure.  It  can  be 
studied  both  at  zero  bias  as  a  function  of  mag¬ 
netic  field  as  well  as  at  fixed  magnetic  field  as  a 
function  of  applied  DC  voltage.  The  results  at 
temperatures  of  1  K  and  higher  are  well  under¬ 
stood  [4,5].  In  this  paper  we  describe  new  fea¬ 
tures  that  show  up  in  the  zero-bias  conductance 
in  high  magnetic  fields  at  temperatures  below  1 
K.  These  include  an  overall  decrease  in  conduc¬ 
tance  with  decreasing  temperature  and  the  ap¬ 
pearance  of  reproducible  conductance  fluctua¬ 
tions. 

The  samples  are  GaSb/ AlSb/InAs/AlSb/ 
GaSb  double-barrier  structures  grown  by  MBE 
on  p-GaSb  substrates.  The  InAs  quantum  well  is 
15  nm  wide  and  the  barriers  are  4  nm  (samples  I 
and  II)  or  2.5  nm  (sample  III),  yielding  electron 
densities  in  the  well  of  1.2  X  1012  cm-2  and  1.4  X 
10 12  cm"2  respectively.  Macroscopic  individual 
diodes  (typically  125  X  125  fim2)  are  defined  by 
wet  mesa-etching.  Two  dilution-refrigerator  sys¬ 
tems  were  used  for  the  measurements  (10  mK/9 
T  and  45  mK/14  T).  The  conductance  or  the 
(differential)  resistance  was  measured  using  a 
small  AC  modulation;  the  electronic  set-up  has 
been  carefully  optimized  to  prevent  outside  inter¬ 
ference  from  reaching  the  sample. 

The  main  features  of  our  results  are  shown  in 
Fig.  2.  The  1100  mK  curve  shows  the  expected 
Shubnikov-de  Haas  oscillations  with  a  resistance 
maximum  each  time  an  integral  number  of  Lan¬ 
dau  levels  is  occupied  (the  intermediate  maxima 
are  due  to  spin  splitting).  At  lower  temperatures 
three  new  features  are  apparent.  First,  there  is  an 
overall  increase  of  the  resistance  in  a  high  per¬ 
pendicular  magnetic  field  with  decreasing  tem¬ 
perature  all  the  way  down  to  11  mK.  The  effect  is 
stronger  in  the  Shubnikov-de  Haas  resistance 
minima,  thereby  reducing  the  modulation  depth 
of  the  oscillations.  Although  the  increase  is  ob¬ 
served  in  all  samples,  the  overall  strength  of  the 
effect  can  be  quite  different  even  in  nominally 
identical  samples.  Note  that  there  is  no  effect  at 
zero  magnetic  field,  nor  if  the  field  is  directed  in 
the  plane  of  the  quantum  well.  Second,  repro¬ 
ducible  resistance  fluctuations  show  up  in  this 
macroscopically  large  sample  and  become  more 
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Fig.  2.  Zero-bias  resistance  (sample  I)  as  a  function  of  mag¬ 
netic  field  for  several  temperatures  (from  top  to  bottom:  11 
mK  (up  to  8.6  T),  44  mK,  101  mK,  193  mK,  400  mK  and  1100 
mK).  The  inset  shows  the  resistance  fluctuations  at  11  mK  on 
an  expanded  magnetic  field  scale  (note  that  the  resolution  of 
the  magnetic  field  sweeps  in  the  main  figure  is  not  high 
enough  to  capture  the  full  amplitude  of  the  fluctuations). 


pronounced  as  the  temperature  decreases.  The 
inset  is  a  high-resolution  magnetic  field  trace  that 
shows  the  full  extent  of  the  fluctuations  (in  con¬ 
trast  to  the  main  figure).  Third,  an  additional 
resistance  maximum  develops  with  decreasing 
temperature  around  10  T  that  can  not  be  ac¬ 
counted  for  by  a  straightforward  analysis. 

Before  we  discuss  these  three  observations  in 
more  detail  we  point  out  that  in  none  of  the 
tunneling  measurements  shown  here  the  parallel 
momentum  of  the  charge  carrier  is  conserved  (the 
excess  momentum  is  absorbed  e.g.  by  an  impurity 
or  by  interface  roughness).  As  has  been  shown 
before  in  samples  from  the  same  wafer  [5],  the 
reduced  (differential)  conductance  at  tempera¬ 
tures  lower  than  40  K  and  at  applied  voltages  not 
exceeding  60  mV  is  due  to  the  fact  that  conduct¬ 
ing  channels  that  do  conserve  parallel  momentum 
are  not  available  under  those  conditions.  The 
nonconservation  of  parallel  momentum  cannot 
somehow  be  responsible  for  the  resistance  in¬ 
crease  in  Fig.  2  because  it  would  similarly  affect 
the  resistance  at  B  =  0,  which  it  does  not.  The 
fact  that  parallel  momentum  is  not  conserved 
makes  the  zero-bias  conductance  a  fairly  straight- 
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forward  probe  of  the  total  density  of  states  of  the 
2DEG  around  the  Fermi  level. 

The  increase  in  zero-bias  resistance  with  de¬ 
creasing  temperature  is  mirrored  in  the  sharp 
minimum  in  the  differential  conductance  versus 
applied  voltage  at  low  temperatures  (Fig.  3(a)) 
showing  that  only  the  density  of  states  around  the 
Fermi  level  is  affected.  The  fact  that  the  resis¬ 
tance  increase  does  not  yet  seem  to  saturate  at  11 
mK  means  that  the  density-of-states  minimum  at 
the  Fermi  level  must  be  very  sharp,  possibly  sin¬ 
gular.  A  similar  observation  has  been  reported  by 
Ashoori  et  al.  [6]  regarding  tunneling  from  a 
GaAs  quantum  well  to  a  doped  GaAs  substrate. 
They  tentatively  attributed  the  effect  to  the  for¬ 
mation  of  a  Coulomb  gap  in  the  tunneling  density 
of  states  [7].  In  comparison,  our  samples  show  a 
sharper  and  deeper  density-of-states  minimum. 
We  speculate  that  the  large  sample-to-sample 
variations  that  we  observe  are  due  to  relatively 
small  variations  in  the  actual  minimum  value  of 
the  density  of  states  at  the  Fermi  level. 

The  conductance  fluctuations  are  due  to  reso¬ 
nant  tunneling  through  well-defined  charge-car¬ 
rier  states  that  shift  through  the  Fermi  level  as  a 
function  of  magnetic  field.  As  the  fluctuations 
appear  on  both  Shubnikov-de  Haas  maxima  and 


Vdc  (mV) 

Fig.  3.  Inverse  differential  resistance  (sample  I)  versus  DC 
voltage  at  5  -  12  T  and  T  =  45  mK.  (a)  Fixed  magnetic  field; 
the  two  sweeps  demonstrate  the  reproducibility  of  the  fluctua¬ 
tions.  (b)  Magnetic  field  drifting  down  at  a  rate  of  5  mT 
between  successive  voltage  sweeps  (showing  the  amplitude  of 
the  fluctuations). 
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Fig.  4.  Zero-bias  resistance  as  a  function  of  magnetic  field,  (a) 
Sample  II,  T  —  45  mK  (upper  curve)  and  T  =  400  mK  (lower 
curve),  (b)  Sample  III,  T  =  45  mK. 


minima,  the  states  are  not  likely  linked  to  the 
localized  states  of  the  quantum  Hall  effect.  The 
resonant-tunneling  mechanism  is  independent  of 
the  formation  of  a  Coulomb  gap  in  the  2DEG  as 
is  shown  in  Fig.  3(b).  When  a  voltage  is  applied, 
the  average  differential  conductance  increases 
drastically  but  the  amplitude  of  the  fluctuations 
remains  the  same.  The  fluctuation  peaks  are  still 
thermally  broadened  at  45  mK  indicating  that  the 
actual  resonances  are  very  sharp.  This  means  that 
the  tunneling  rates  from  the  electrodes  to  the 
resonant  state  must  be  low  but  very  symmetric. 
Possibly  the  resonances  are  due  to  electron  states 
strongly  localized  at  the  InAs/AlSb  interfaces. 

Finally,  we  discuss  the  additional  resistance 
peak  in  the  third  Landau  level  (i.e.  between  fill¬ 
ing  factors  4  and  6)  at  low  temperatures.  Figure  4 
shows  the  resistance  versus  filling  factor  of  two 
other  samples  one  of  which  has  thinner  AlSb 
barriers.  That  sample  (Fig.  4(b))  does  not  show 
spin  splitting  in  the  Shubnikov-de  Haas  oscilla¬ 
tions  but  at  45  K  it  features  a  three-fold  splitting 
in  both  the  third  and  the  fourth  Landau  level. 
The  effect  may  be  due  to  the  resolution  at  these 
low  temperatures  of  the  Landau  levels  of  the 
holes  in  the  GaSb  electrodes.  The  hole  quantiza¬ 
tion  cannot  be  directly  responsible  for  the  split¬ 
ting  because  it  would  only  give  broad  Shubnikov- 
de  Haas  oscillations  due  to  the  low  hole  density 
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and  mobility.  However,  the  electron  and  hole 
densities  are  not  constant  as  a  function  of  mag¬ 
netic  field  [4].  The  charge  transfer  between  InAs 
and  GaSb  is  constantly  adjusted  to  the  actual 
values  of  the  densities  of  states  at  the  Fermi 
level.  This  interaction  may  be  the  key  to  the 
understanding  of  the  anomalous  three-fold  split¬ 
ting  of  the  Shubnikov-de  Haas  oscillations. 

In  conclusion,  we  have  studied  vertical  trans¬ 
port  through  a  2DEG  in  the  InAs  quantum  well 
of  a  type  II  heterostructure.  At  temperatures 
below  1  K  the  zero-bias  conductance  shows  inter¬ 
esting  deviations  from  the  usual  Shubnikov-de 
Haas  oscillations  in  high  perpendicular  magnetic 
fields.  These  include  an  overall  decrease  in  the 
conductance  that  is  attributed  to  the  formation  of 
a  Coulomb  gap  in  the  tunneling  density  of  states 
and  the  appearance  of  conductance  fluctuations 
possibly  due  to  resonant  tunneling  through  inter¬ 
face-related  states. 
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Abstract 

We  present  measurements  of  the  conductance  of  a  quantum  dot  in  the  presence  of  2,  1,  and  0  adiabatically 
transmitted  edge  channels.  In  all  three  cases  periodic  conductance  oscillations  are  observed  as  a  function  of  gate 
voltage.  By  using  the  oscillations  observed  in  the  absence  of  edge  channels  as  an  electron  counter  we  demonstrate 
that  the  oscillations  observed  in  the  presence  of  edge  channels  are  due  to  the  influence  of  Coulomb  charging.  Using 
the  temperature  dependence  of  the  conductance  oscillations  we  have  then  estimated  the  activated  Coulomb  charging 
energy. 


1.  Introduction 

There  has  been  a  great  deal  of  experimental 
and  theoretical  work  devoted  to  the  study  of 
quantum  dots  fabricated  by  selectively  depleting 
the  two-dimensional  electron  gas  (2DEG)  of  an 
AlGaAs/GaAs  heterostructure.  An  example  of 
such  a  dot  device  is  shown  schematically  in  Fig. 
la.  Three  gates  labelled  A,  C,  and  D  are  used  to 
create  two  quantum  point  contacts  (QPCs)  which 
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connect  the  dot  to  large  2DEG  leads.  The  density 
in  the  dot  is  varied  independently  of  the  QPC 
conductances  by  the  voltage  on  gate  B.  When  the 
dot  is  formed  the  gaps  between  gates  B  and  C  are 
pinched  off. 

In  a  high  magnetic  field,  electron  transport  in 
the  leads  occurs  through  edge  channels  (which 
form  where  each  Landau  level  crosses  the  Fermi 
energy  near  the  edge  of  the  sample).  Selective 
reflection  of  edge  channels  is  possible  at  a  QPC, 
whose  conductance  is  approximately  given  by  [1] 

e2 

Gpc«y(Artrans  +  0,  0) 

with  Atrans  the  number  of  edge  channels  that  are 
fully  transmitted  over  the  barrier  in  the  constric¬ 
tion.  The  (7Vtrans  +  l)th  edge  channel  (correspond- 
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Fig.  1.  (a)  Schematic  drawing  of  the  quantum  dot  devices.  The 
dimensions  of  the  rectangle  formed  by  the  gates  is  750x800 
nm2  for  device  I  and  700x900  nm2  for  device  II.  (b)-(d) 
Current  paths  through  the  dot  in  the  presence  of  2,  1,  or  0 
adiabatically  transmitted  edge  channels  as  adjusted  by  VA  and 

Joe¬ 
ing  to  the  lowest  energy  Landau  level  confined  to 
the  dot)  tunnels  with  a  transmission  probability 
t  <  1.  Edge  channels  corresponding  to  higher  en¬ 
ergy  Landau  levels  are  nearly  completely  re¬ 
flected. 

The  electron  states  localized  in  the  dot  form  a 
discrete  energy  spectrum,  each  state  being  associ¬ 
ated  with  a  particular  confined  Landau  level. 
This  results  in  two  relevant  energy  scales:  an 
inter-Landau  level  spacing  A  E,  and  a  smaller 
intra-Landau  level  spacing  8E  [2].  For  a  non-in¬ 
teracting  electron  gas,  a  peak  in  the  conductance 
due  to  resonant  tunnelling  is  observed  if  a  con¬ 
fined  state  of  the  (Ntrans  +  l)th  Landau  level  lines 
up  with  the  Fermi  level  in  the  leads,  EF.  Periodic 
conductance  oscillations  are  then  expected  both 
as  a  function  of  electron  density  (varied  by  means 
of  the  voltage  VB  on  electrode  B),  and  as  a 
function  of  magnetic  field.  Evidence  for  such 


oscillations  (sometimes  referred  to  in  the  litera¬ 
ture  as  Aharonov-Bohm  oscillations  [3])  have 
been  demonstrated  experimentally  as  a  function 
of  magnetic  field  [4]  and  gate  voltage  [5],  in  the 
regime  where  one  or  more  edge  channels  are 
transmitted  adiabatically  (i.e.,  Ntrans  =  2,  1  as 
shown  in  Figs,  lb  and  lc). 

It  has  become  clear,  though,  that  this  non-in¬ 
teracting  electron  approximation  is  not  valid  if 
the  conductance  of  the  point  contacts  Gpc  <  e2/h, 
i.e.,  if  there  are  no  adiabatically  transmitted  edge 
channels  present  (Ntrans  =  0  as  in  Fig.  Id).  In  this 
regime,  tunnelling  through  a  quantum  dot  is  gov¬ 
erned  by  single-electron  charging  effects  [6], 
These  effects  are  known  to  be  important  if  the 
capacitance  of  the  dot  C  is  small  so  that  the 
maximum  charging  energy  e2 /2 C  »  kT.  Single¬ 
electron  charging  has  been  demonstrated  experi¬ 
mentally  by  observations  of  Coulomb  blockade 
oscillations,  i.e.,  periodic  oscillations  in  the  con¬ 
ductance  as  a  function  of  voltage  on  a  gate  capac- 
itively  coupled  to  the  dot.  The  Coulomb  charging 
energy  is  typically  much  larger  than  either  of  the 
quantum  confinement  energies  A E  or  8E;  modi¬ 
fications  in  the  amplitude  and  position  of  the 
Coulomb  blockade  oscillations  due  to  the  con¬ 
fined  energy  spectrum  have  only  been  observed 
at  milliKelvin  temperatures  [7,2,8]. 

It  has  been  widely  assumed  that  Coulomb 
charging  can  be  ignored  if  the  conductance  of  the 
point  contacts  Gpc  >  e2/h,  as  is  the  case  if  one  or 
more  edge  channels  are  adiabatically  transmitted. 
Coulomb  charging  effects  do  disappear  in  the 
analogous  zero-field  case  where  the  barriers  in 
the  QPCs  are  low  enough  that  a  non-tunnel  cur¬ 
rent  flows  [9].  However,  if  isolated  current  paths 
exist  with  conductance  less  than  e2/h.  Coulomb 
charging  can  still  be  important,  even  if  the  total 
device  conductance  is  greater  than  e2/h.  Such  a 
situation  occurs  in  a  high  magnetic  field  where 
the  current  carrying  edge  channels  are  separated 
by  a  tunnel  barrier  consisting  of  an  incompress¬ 
ible  electron  gas.  This  allows  for  single-electron 
charging  of  the  confined  edge  channels  even  in 
the  presence  of  adiabatically  transmitted  edge 
channels. 

In  a  recent  paper  [10],  we  demonstrated  the 
importance  of  Coulomb  charging  in  the  presence 
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of  adiabatically  transmitted  edge  channels.  In  this 
paper,  we  present  more  extensive  data  from  mea¬ 
surements  of  two  additional  quantum  dot  devices 
that  confirm  this  conclusion.  We  give  a  direct 
comparison  of  the  conductance  versus  gate  volt¬ 
age  for  different  barrier  transparencies,  so  that  2, 
1,  or  0  adiabatically  transmitted  edge  channels 
are  present  in  addition  to  the  confined  levels.  We 
observe  periodic  conductance  oscillations  as  a 
function  of  gate  voltage  for  all  three  barrier 
transparencies  and  use  the  oscillations  observed 
in  the  full  Coulomb  blockade  regime  (no  adiabat¬ 
ically  transmitted  edge  channels)  as  a  novel  elec¬ 
tron  counter  to  calibrate  the  period  of  the  oscilla¬ 
tions  observed  in  the  presence  of  adiabatically 
transmitted  edge  channels.  In  this  way  we 
demonstrate  that  even  in  the  presence  of  the 
transmitted  channels  the  conductance  oscillations 
cannot  be  satisfactorily  described  in  terms  of  res¬ 
onant  tunnelling  without  invoking  Coulomb 
charging. 


2.  Experiment 

The  geometry  of  our  two  quantum  dot  devices 
(I  and  II)  is  shown  schematically  in  Fig.  la  [11]. 
As  described  in  the  introduction,  four  gates 
(labelled  A-D)  define  a  rectangle  on  the  surface 
of  an  AlGaAs/GaAs  heterostructure  with  a 
2DEG  of  mobility  /x  «  106  cm2/V  •  s  and  density 
ns~  3  X  1011  cm-2.  The  lithographic  dimensions 
of  device  I  are  750  X  800  nm2  and  those  of  device 
II  are  700  X  900  nm2.  When  the  gates  are  nega¬ 
tively  biased,  a  quantum  dot  is  formed  in  the 
underlying  2DEG,  and  is  connected  through 
QPCs  to  two-dimensional  leads.  Two-terminal 
conductance  measurements  are  made  across  the 
dot  using  an  AC  lock-in  technique  with  an  excita¬ 
tion  voltage  below  10  /xV.  In  our  experiments,  the 
voltage  on  gate  D  is  left  fixed,  and  the  voltages 
on  gates  A  and  C  are  adjusted  to  control  the 
transmission  through  the  tunnel  barriers  in  the 
QPCs.  The  conductance  is  then  measured  as  a 
function  of  the  voltage  on  gate  B  which  deter¬ 
mines  the  electron  density  in  the  dot. 

Fig.  2  shows  the  results  of  conductance  mea¬ 
surements  of  device  I  as  a  function  of  VB  for  a 


VB  (V) 


Fig.  2.  Conductance  of  device  I  as  a  function  of  the  voltage  on 
gate  B  for  B  =  3.5  T  and  T  =  50  mK.  In  the  top,  middle,  and 
bottom  trace  (a)-(c)  the  QPCs  are  adjusted  to  conductances 
of  2.5,  1.5,  and  0.5  e2/h,  respectively.  The  three  cases  corre¬ 
spond  to  the  three  current  paths  shown  in  Figs.  lb-d. 


magnetic  field  of  B  =  3.50  T  and  a  temperature 
of  50  mK.  The  QPCs  are  adjusted  so  that  there 
are  Atrans  =  2,  1,  and  0  edge  channels  adiabati¬ 
cally  transmitted  through  the  dot  for  traces  (a), 
(b),  and  (c),  respectively.  This  corresponds  to  the 
following  QPC  conductances:  (a)  2 e2/h  <  Gpc  < 
3e2/h,  (b)  e2/h  <  Gpc  <  2e2/hy  and  (c)  Gpc  < 
e2/h.  Each  trace  shows  a  series  of  nearly  periodic 
oscillations  in  the  conductance  as  a  function  of 
VB ,  however,  the  period  of  the  oscillations  varies 
from  trace  to  trace.  There  are  53  oscillations  in 
(a),  80  in  (b),  and  102  in  (c),  indicating  that  the 
period  in  (a)  is  about  twice  that  in  (c)  while  the 
period  in  (b)  is  about  1.2  times  that  in  (c). 

Fig.  3  compares  the  conductance  oscillations 
from  measurements  made  at  four  different  mag¬ 
netic  fields  (2.75,  3.50,  4.20,  and  4.60  T).  In  each 
case  the  QPCs  are  adjusted  so  that  2 e2/h  <  Gpc 
<  3 e2/h,  in  other  words  7Vtrans  =  2.  Between  2.75 
and  4.60  T  periodic  conductance  oscillations  are 
observed  whose  period  increases  with  magnetic 
field  -  the  amplitude  of  the  oscillations  drops  off 
rapidly  outside  of  this  field  range.  In  the  Ntrans  =  1 
case  (not  shown)  oscillations  are  observed  for 
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magnetic  fields  less  than  7  T  and  the  period  of 
the  oscillations  again  increases  with  increasing 
magnetic  field.  For  the  ATtrans  =  0  case,  however, 
oscillations  are  observed  irrespective  of  the  mag¬ 
netic  field  and  the  period  of  the  oscillations  is 
field  independent. 


3.  Model 

The  Coulomb  charging  energy  for  the  closed 
dot  e2/2C  —  e2/Sed  ~  2.5  X  10“4  eV,  is  more 
than  an  order  of  magnitude  greater  than  the 
estimated  confined-energy  spacing  8E  —  Ah2/ 
m*d~  2.0  X  10-5  eV.  Thus,  the  very  regular  os¬ 
cillations  observed  in  the  absence  of  adiabatically 
transmitted  edge  channels  (the  bottom  trace  in 
Fig.  2)  can  safely  be  attributed  to  the  Coulomb 
blockade  effect.  The  gate  voltage  separation  be¬ 
tween  peaks  is  then  ~  e/Ggate,  where  Cgate,  the 
capacitance  between  gate  B  and  the  dot,  is  as¬ 
sumed  to  be  independent  of  Gpc.  This  is  reason¬ 
able  since  Gpc  is  much  more  sensitive  to  changes 
in  voltages  VA  and  Vc  than  are  the  size  of  the  dot 
and  the  dot-gate  separation  (which  together  de¬ 
termine  Cgate). 


VB(V) 


Fig.  3.  Conductance  of  device  I  as  a  function  of  the  voltage  on 
gate  B  for  Gpc  =  2.5  e2/h  (iVtrans  =  2)  and  T  =  50  mK  at  four 
different  magnetic  fields. 


Fig.  4.  Period  of  the  conductance  oscillations  (in  units  of 
electrons  per  peak)  versus  magnetic  field  for  Gpc  =  2.5  e2/h 
(circles)  and  Gpc-1.5  e2/h  (squares).  The  solid  lines  are 
theoretical  fits  for  Ntrans  =  2,  1  adiabatically  transmitted  edge 
channels  (see  text). 


This  implies  that  the  number  of  electrons  re¬ 
moved  from  the  dot  as  a  function  of  VB  is  inde¬ 
pendent  of  the  number  of  edge  channels  adiabat¬ 
ically  transmitted  through  the  dot.  Since  each 
Coulomb  blockade  peak  corresponds  to  the  re¬ 
moval  of  one  electron  from  the  dot,  we  can  use 
the  Coulomb  blockade  oscillations  as  a  tool  to 
determine  the  number  of  electrons  corresponding 
to  each  peak  in  the  upper  traces  in  Fig.  2.  This  is 
given  by  the  number  of  peaks  for  Ntrans  =  1  or  2 
divided  by  the  number  of  Coulomb  blockade 
peaks  counted  for  Ntrans  =  0.  The  results  of  this 
procedure  performed  on  a  set  of  measurements 
of  the  type  shown  in  Figs.  2  and  3  are  plotted 
versus  magnetic  field  in  Fig.  4.  The  number  of 
electrons  per  peak  is  considerably  larger  for  7Vtrans 
=  2  than  for  Ntrans  =  1.  In  both  cases,  an  increase 
in  magnetic  field  results  in  an  increase  in  the 
number  of  electrons  per  peak. 

We  now  discuss  the  origin  of  the  periodic 
conductance  oscillations  for  Gpc>e2/h  (traces 
(a)  and  (b)  in  Fig.  2).  As  described  in  Ref.  [10], 
the  oscillations  observed  in  the  presence  of  adia¬ 
batically  transmitted  edge  channels  vanish  at  rel- 
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atively  low  temperatures  -  for  Ntrans  =  1  and  2 
the  oscillations  disappear  at  200  and  500  mK, 
respectively.  These  temperatures  are  comparable 
to  the  estimated  confined  energy  spacing,  8E  - 
235  mK.  In  addition,  it  is  difficult  to  estimate  the 
charging  energy,  since  it  is  influenced  by  the 
presence  of  the  adiabatically  transmitted  edge 
channels.  We  thus  first  consider  the  simpler  non¬ 
interacting  case  in  which  Coulomb  charging  is 
ignored. 

As  discussed  in  the  introduction,  in  the  ab¬ 
sence  of  Coulomb  charging  a  peak  in  the  conduc¬ 
tance  is  observed  due  to  resonant  tunnelling  when 
an  electron  state  of  the  outermost  confined  Lan¬ 
dau  level  lines  up  with  the  Fermi  energy  in  the 
leads.  The  frequency  at  which  this  occurs  corre¬ 
sponds  to  the  rate  at  which  electrons  are  removed 
from  the  outermost  confined  Landau  level.  The 
total  number  of  spin-split  Landau  levels  in  the 
dot  Ndot  are  made  up  of  the  Nconf  Landau  levels 
of  guiding  center  energy  Eg  below  the  barrier 
height  Eh  and  the  Ntrans  additional  Landau  levels 
that  are  occupied  in  the  dot  but  fully  transmitted 
over  the  barriers  in  the  QPCs  (Eg  >  Eh).  For  the 
Ntrans =  0  case>  ^  has  been  demonstrated  that  the 
electron  states  associated  with  the  confined  Lan¬ 
dau  levels  are  ordered  in  a  cyclical  fashion  and, 
thus,  each  of  the  Nconf  Landau  levels  is  depleted 
at  approximately  the  same  rate  as  a  function  of 
Vb  [2],  We  assume  that  the  Ntrans  Landau  levels 
are  depleted  at  a  similar  rate,  so  that  we  must 
remove  Ndoi  electrons  in  order  to  remove  one 
from  the  outermost  confined  Landau  level.  Since 
Ndot  a  1/B ,  this  argument  predicts  that  the  num¬ 
ber  of  electrons  per  peak  should  decrease  rather 
than  increase  with  magnetic  field,  in  contradic¬ 
tion  with  the  observed  results  (Fig.  4).  This  dis¬ 
crepancy  could  in  principle  be  eliminated  if  reso¬ 
nant  tunnelling  through  electron  states  of  the 
confined  Landau  levels  with  index  higher  than 
Ntrans  +  1  also  contribute  to  the  conductance  of 
the  dot.  The  tunnelling  rate,  however,  decreases 
exponentially  with  decreasing  Eg  [12],  thus,  there 
should  be  an  order  of  magnitude  modulation  of 
conductance  peak  heights  due  to  resonant  tun¬ 
nelling  through  states  belonging  to  consecutive 
Landau  levels  confined  in  the  dot  [13].  This  is  not 
observed  in  our  experiment,  however  [14]. 


We  can  model  the  results  of  Fig.  4  though,  if 
we  take  Coulomb  charging  into  account  for  Gpc 
>  e2/h.  We  extend  recent  arguments  for  the 
Ntrans  =  0  case  [15]  to  our  problem  by  considering 
a  separate  Coulomb  charging  energy  for  the  Nconf 
Landau  levels  existing  in  the  presence  of  the 
adiabatically  transmitted  edge  channels.  This  is 
reasonable,  since  a  magnetically  induced  tunnel 
barrier  consisting  of  an  incompressible  electron 
gas  exists  between  each  of  the  edge  channels. 
Tunnelling  electrons  thus  face  a  non-zero 
Coulomb  charging  energy  associated  with  a 
change  in  the  electron  population  of  the  confined 
Landau  levels.  This  leads  to  Coulomb  blockade 
oscillations  as  a  function  of  gate  voltage  with  a 
period  corresponding  to  the  removal  of  an  elec¬ 
tron  from  any  one  of  the  Nconf  Landau  levels.  The 
removal  of  electrons  from  one  of  the  Ntrans  Lan¬ 
dau  levels  does  not  give  rise  to  a  conductance 
peak  because  charge  in  these  levels  is  not  local¬ 
ized  and  can  therefore  be  changed  continuously. 
This  implies  that 

electrons  Nconf  +  Ntrans  Ndot 

peak  Nconf  Aconf ' 

Fig.  4  shows  solutions  of  Eq.  (2)  for  7Vtrans  =  1  and 
N^ans  =  2.  We  determine  Ndot  by  measuring  the 
conductance  of  the  dot  with  the  two  QPCs  com¬ 
pletely  open  (VA  —  Vc  =  0);  using  Eq.  (1),  this  is 
proportional  to  the  number  of  edge  channels 
between  gates  B  and  D.  The  agreement  between 
our  model  and  the  experimental  results  is  reason¬ 
ably  good.  In  both  cases,  the  number  of  electrons 
per  peak  is  seen  to  increase  as  Ndot  decreases 
from  5  to  3.  Clearly,  this  model,  which  includes 
Coulomb  charging,  is  able  to  account  for  the 
experimental  observations,  while  the  non-inter¬ 
acting  model  discussed  above  does  not.  This 
demonstrates  the  importance  of  Coulomb  charg¬ 
ing  even  in  the  presence  of  adiabatically  transmit¬ 
ted  edge  channels. 


4.  Discussion 

In  our  phenomenological  model,  the  presence 
of  the  Ntrans  adiabatically  transmitted  Landau 
levels  enters  only  in  the  form  of  a  nearby  electron 
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reservoir,  coupled  capacitively  to  both  the  gates 
and  the  confined  Landau  levels.  This  enhances 
the  effective  capacitance  and  decreases  the  charg¬ 
ing  energy  e2 / 2 C.  The  assumed  increase  in  C 
with  the  number  of  adiabatically  transmitted  edge 
channels  can  account  for  the  reduction  of  the 
activation  energy  with  increasing  barrier  trans¬ 
parency  as  described  in  Ref.  [10].  A  more  quanti¬ 
tative  description  is  contained  in  two  recent  theo¬ 
retical  papers  which  calculate  the  charging  energy 
of  the  confined  Landau  levels  in  the  presence  of 
adiabatically  transmitted  edge  channels  [16,17]. 
Both  use  an  extension  of  the  self-consistent  model 
introduced  by  McEuen  et  al.  [15]  in  which  the 
distribution  of  electrons  among  the  Landau  levels 
is  arranged  to  minimize  the  total  energy  of  the 
dot  assuming  a  Thomas-Fermi  electron-electron 
interaction.  The  number  of  electrons  occupying 
each  confined  Landau  level  is  constrained  to  be 
an  integer,  whereas  it  is  an  unconstrained  posi¬ 
tive  real  number  for  an  extended  edge  channel. 
This  model  predicts  an  appreciable  Coulomb 
charging  energy  in  the  presence  of  adiabatically 
transmitted  edge  channels  that  oscillates  as  a 
function  of  electron  density.  According  to  Mar- 
morkos  and  Beenakker  [16],  for  B  =  2  T,  Adot  =  2 
and  Atrans  =1,  the  charging  energy  reaches  a 
maximum  of  £act  ~  0.1  meV  =  1.2  K. 

Experimentally,  we  can  determine  an  activa¬ 
tion  energy  from  the  temperature  dependence  of 
the  conductance  oscillations.  Fig.  5  shows  the 
temperature  dependence  of  a  conductance  maxi¬ 
mum  and  minimum  for  device  II  at  B  =  3.5  T, 
A^rans  =  2,  and  Adot  =  4.  The  conductance  mini¬ 
mum  shows  an  activated  behavior  with  £act  =  4.7 
fieV,  while  the  maximum  is  virtually  temperature 
independent  [18].  This  is  in  qualitative  agreement 
with  the  theory.  However,  the  theoretically  deter¬ 
mined  activation  energy  is  much  larger  then  that 
determined  experimentally.  This  discrepancy 
could  be  due  to  the  fact  that  the  model  does  not 
accurately  match  the  device  geometry  used  in  the 
experiment  [17].  While  the  model  is  appropriate 
for  a  device  in  which  the  density  is  controlled  by 
a  back  gate  as  used  by  McEuen  et  al.  [7,15],  the 
device  in  our  experiment  has  a  side  gate  which 
varies  both  the  density  and  the  lateral  confine¬ 
ment. 
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Fig.  5.  Temperature  dependence  of  a  maximum  and  a  mini¬ 
mum  in  the  conductance  of  device  II  as  a  function  of  inverse 
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In  addition,  Kinaret  and  Wingreen  [17]  intro¬ 
duce  an  effective  capacitance  model  in  which  the 
charge  distribution  is  directly  related  to  the  ca¬ 
pacitances  among  the  Landau  levels  and  the  gate. 
The  increase  in  the  period  of  the  conductance 
oscillations  for  increasing  Atrans  is  then  attributed 
to  the  decrease  in  effective  capacitance  between 
the  confined  Landau  levels  and  the  gate.  As  the 
upper  Landau  level  is  depleted,  it  shrinks,  and  its 
geometrical  capacitance  is  thus  reduced.  This 
predicts  that  the  charge  per  peak  as  shown  in  Fig. 
4  grows  smoothly  with  magnetic  field,  rather  than 
in  steps,  as  is  predicted  by  our  phenomenological 
model.  On  this  point  the  experimental  results  are 
not  entirely  conclusive.  In  Fig.  4,  the  period  in¬ 
creases  smoothly  with  magnetic  field  for  the 
Atrans  =  2  case,  however,  steps  are  apparent  for 
the  Atrans  =  1  case. 

In  conclusion,  we  have  studied  the  conduc¬ 
tance  of  a  quantum  dot  in  the  presence  of  2,  1,  or 
0  adiabatically  transmitted  edge  channels.  We 
observe  periodic  conductance  oscillations  as  a 
function  of  gate  voltage  in  all  three  cases,  and 
demonstrate  that  the  number  of  electrons  added 
to  the  dot  per  peak  is  determined  by  the  ratio  of 
the  total  number  of  Landau  levels  in  the  dot  to 
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the  number  confined  to  the  dot.  Our  results 
demonstrate  that  the  formation  of  Landau  levels 
in  a  high  magnetic  field  causes  single-electron 
charging  effects  to  be  of  importance  for  barrier 
conductances  greater  than  e2/h.  Using  the  tem¬ 
perature  dependence  of  the  conductance  oscilla¬ 
tions  we  have  then  estimated  the  activated 
Coulomb  charging  energy.  The  discrepancy  be¬ 
tween  the  experimentally  determined  activation 
energy  and  that  predicted  theoretically  suggests 
that  a  more  complete  theoretical  treatment  of  the 
problem  is  still  needed. 
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Abstract 

The  magnetoconductance  of  quantum  dots  at  high  magnetic  fields  has  been  studied  experimentally  and 
theoretically  as  a  function  of  the  quantum  dot  barrier  height.  It  is  found  that  even  when  the  dot  is  not  Coulomb 
blockaded,  electron -electron  interactions  are  required  to  explain  the  magnetoconductance  oscillations. 


1.  Introduction 

Conductance  oscillations  due  to  discrete  elec¬ 
tron  effects  have  been  observed  in  quantum  dots 
both  as  a  function  of  electron  number  [1]  and 
magnetic  field  [2].  The  former  are  the  well  known 
Coulomb  blockade  oscillations  (CBO),  whereas 
the  magnetoconductance  oscillations  (MCO)  arise 
when  discrete  states  and  fully  transmitted  edge 
states  participate  in  the  conductance.  The  MCO 
effect  is  sometimes  referred  to  as  the  high  field 
Aharanov-Bohm  (AB)  effect.  In  this  paper  we 
reinterpret  the  MCO  effect  in  terms  of  an  inter¬ 
acting-electron  picture.  We  find  a  new  regime 
where  both  effects  coexist  and  use  this  coexis¬ 
tence  to  infer  from  our  measurements  and  theory 
both  the  spin  quantum  number  and  the  Landau 
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level  index  of  the  discrete  state  closest  to  the 
Fermi  level.  In  Section  2  we  identify  experimen¬ 
tally  the  barrier  conductance  conditions  necessary 
for  the  observation  of  each  effect.  In  Section  3 
results  are  presented  for  the  barrier  regime  in 
which  the  two  effects  co-exist  both  as  a  functions 
field  and  electron  density.  A  theoretical  model  is 
presented  in  Section  4  in  which  we  show  that  the 
MCO  are  dominated  by  electron-electron  inter¬ 
actions  within  the  dot  and  the  screening  effect  of 
fully  transmitted  edge  states. 

The  experiments  were  performed  on  a  variety 
of  dots  defined  using  the  lateral  gate  depletion 
technique.  The  TiPt  gates  were  deposited  upon 
high-mobility  2DEGs  in  GaAs/AlGaAs  het¬ 
erostructures  using  conventional  e-beam  tech¬ 
niques.  The  samples  were  then  placed  on  a  metal¬ 
lic  gate  which  acted  as  a  backgate  for  changing 
the  sample  carrier  density  and  the  number  of 
electrons  in  the  dot.  More  details  on  the  sample 
geometry  are  published  elsewhere  [3]. 
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2.  Quantum  dot  barrier  conditions  for  the 
observation  of  the  coulomb  blockade  and 
magnetoconductance  oscillations 

The  experiment  of  Van  Wees  et  al.  [2]  was 
performed  on  a  1.5  £im  diameter  dot  and  was 
interpreted  as  resonant  tunnelling  through  the 
single-electron  levels  in  the  dot.  At  resonance  the 
conductance  through  the  dot  was  enhanced.  In 
addition  to  one  trapped  edge  state  in  the  dot,  a 
number,  NFS ,  of  edge  states  were  fully  transmit¬ 
ted  through  the  dot  and  also  through  the  quan¬ 
tum  point  contact  (QPC)  barriers  at  the  entrance 
and  exit  of  the  dot.  Adiabatic  transport  (i.e.,  no 
communication  between  edge  states)  was  be¬ 
lieved  to  be  crucial  to  the  observation  of  the 
effect.  The  period  of  the  MCO  was  found  not  to 
be  simply  related  to  the  area  of  the  dot  via 
AB  =  h /eA.  This  discrepancy  was  accommodated 
by  considering  that  the  area  A  changed  as  the 
magnetic  field,  B ,  was  swept.  In  this  paper  we 
will  present  an  alternative  explanation  using  the 
interacting-electron  picture.  In  our  early  experi¬ 
ments  [4]  we  did  not  observe  any  periodic  MCO 
for  dots  with  diameters  greater  than  1.0  /im.  For 
dots  between  1.0  and  0.5  ^m  large  aperiodic 
magnetoconductance  structures  (MCS)  which 
persisted  to  relatively  high  temperatures  ( >  2  K) 
could  be  observed.  Most  significantly  the  conduc¬ 
tance  through  the  dot  at  the  minima  dropped 
below  that  given  by  the  fully  transmitted  edge 
states.  Fig.  la  shows  an  example  of  such  be¬ 
haviour  for  a  1  fim  diameter  dot  (NB,  in  Fig.  1 
the  edge  state  configuration  of  Fig.  9a  is  achieved 
at  5.8  T).  The  MCS  were  not  present  in  magnetic 
field  (B)  sweeps  when  only  the  individual  QPC 
barriers  were  defined.  The  MCS  [3]  provide  evi¬ 
dence  of  the  coupling  between  the  fully  transmit¬ 
ted  edge  states  and  the  trapped  edge  states.  The 
random  nature  of  the  MCS  implies  that  the  cou¬ 
pling  is  related  to  the  impurity  potential.  A  simi¬ 
lar  signature  of  non-adiabaticity  in  a  different 
geometry  has  previously  been  studied  experimen¬ 
tally  by  Ford  et  al.  [5]  and  theoretically  by  Kir- 
czenow  et  al.  [6].  When  dots  (diameter  <  0.5  fim) 
were  studied  [3]  periodic  MCO  oscillations  were 
observed  superimposed  on  these  larger  MCS  at 
temperatures  below  500  mK  (see  Fig.  lb).  It  was 


Fig.  1.  The  magnetoconductance  of  quantum  dots  with  diame¬ 
ters  (a)  1  /xm  (b)  0.5  fim  (see  text  for  details). 


found  in  addition  [3]  that  both  the  MCS  and  the 
MCO  existed  even  when  the  QPC  barriers  were 
set  to  allow  only  fully  transmitted  edge  states 
(i.e.,  there  was  no  tunnelling  across  the  QPC 
barrier).  Fig.  9a  illustrates  the  edge  state  configu¬ 
ration  for  the  observation  of  the  MCO.  The  fully 
transmitted  edge  states  at  the  top  and  bottom  of 
the  dot,  are  filled  to  different  chemical  potentials 
(they  originate  from  different  contact  reservoirs). 
Tunnelling  through  the  discrete  states  of  the  dot, 
however,  achieves  a  partial  equilibration  of  this 
chemical  potential  difference.  At  resonance  the 
conductance  through  the  dot  is  lowered.  We 
therefore  distinguish  this  resonant  reflection  (RR) 
mechanism  from  the  resonant  transmission  (RT) 
mechanism  of  Van  Wees  et  al.  [2].  The  RR  pro¬ 
cess  will  occur  whenever  the  inner  discrete  en¬ 
ergy  levels  of  the  dot  are  depopulated.  Fig.  2 
shows  the  equivalent  oscillations  observed  when 
either  the  backgate  (i.e.,  mainly  the  dot  density) 
or  one  of  the  top  gates  (i.e.,  mainly  the  dot  area) 
is  swept.  The  consequences  of  electron-electron 
interactions  and  spin  conservation  during  the  RR 
process  will  be  dealt  with  in  Section  4. 

CBO  were  first  observed  in  semiconductor 
nanostructures  by  Scott-Thomas  et  al.  [1],  The 
orthodox  theory  [7]  assumes  that  the  dot  is  well 
isolated  (i.e.,  the  barrier  resistance  >  h/e2).  Ex- 
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Fig.  2.  The  resonant  reflection  mechanism  observed  by  sweep¬ 
ing  (a)  B ,  (b)  the  backgate  voltage  VBG  and  (c)  the  top-gate 
voltage  *TG- 


perimentally,  however,  we  have  found  that  the 
condition  for  observation  of  the  CBO  is  that  less 
than  one  mode  (but  only  slightly  less)  has  to  be 
fully  transmitted  in  each  barrier.  Fig.  3  shows  the 
maximum  barrier  conductance  for  which  we  could 
observe  CBO  as  a  function  of  magnetic  field.  The 
sharp  transition  from  ~  e2/h  to  2 e2/h  occurs 
when  spin  resolution  is  achieved.  The  CBO  per¬ 
sisted  to  2  K  and  had  a  gate  voltage  period 
independent  of  field  from  0  to  13  T. 

Consider  the  situation  of  Fig.  9a  for  which  the 
RR  oscillations  were  observed  both  as  a  function 


Fig.  3.  The  B  dependence  of  the  maximum  barrier  conduc¬ 
tance  at  which  Coulomb  blockade  oscillations  were  observed. 
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Fig.  4.  A  backgate  voltage  sweep  in  the  Coulomb  blockade 
regime. 


of  field  and  backgate.  There  were  two  edge  states 
transmitted  through  the  barriers:  spin  up  and 
spin  down  (NB,  however  our  measurements 
showed  that  in  the  barriers  themselves  the  edge 
states  were  not  fully  spin  resolved).  When  the 
QPC  barrier  conductance  was  set  le2/h  we 
only  observed  CBO  as  a  function  of  backgate 
voltage.  The  two  sets  of  oscillations  had  different 
temperature  dependencies  and  periods.  In  the 
next  section  we  present  results  on  an  intermedi¬ 
ate  barrier  conductance  regime  in  which  both  sets 
of  oscillations  coexist. 


3.  Coexistence  of  the  RR  and  CB  effects 

In  Fig.  4  we  show  the  backgate  voltage  depen¬ 
dence  of  the  conductance  of  the  dot  at  B  =  3.5  T 
which  for  this  dot  corresponds  to  the  edge  state 
configuration  illustrated  in  Fig.  9.  As  the  voltage 
is  swept  the  number  of  electrons  in  the  dot 
changes  resulting  in  CBO  with  uniform  amplitude 
that  can  be  seen  at  the  more  negative  gate  volt¬ 
ages.  The  backgate  also  affects  the  barrier  height 
in  the  QPCs  at  the  entrance  and  exit  to  the  dot 
and  at  the  low  negative  voltage  end  (Fig.  4)  RR 
effects  may  be  expected  to  be  observed.  For  this 
particular  sweep  we  observe  that  at  this  high 
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conductance  end  of  the  sweep  every  second  CBO 
peak  is  suppressed.  A  suppression  of  the  peak  is 
exactly  what  would  be  expected  if  the  two  effects 
(i.e.,  RR  and  CB)  coexisted.  Every  time  the 
trapped  level  is  depopulated  there  is  a  decrease 
in  conductance  due  to  the  resonant  backscatter- 
ing  (RR)  process  which  occurs.  Electrons  are 
removed  from  the  dot  at  the  CBO  peaks.  There¬ 
fore,  an  observation  of  the  suppression  of  the 
peaks  can  be  used  to  identify  when  an  inner 
trapped  level  is  being  removed  from  the  dot.  The 
CBO  themselves  count  every  electron  leaving  the 
dot.  It  can  therefore  be  deduced  from  Fig.  4  that 
as  the  dot  is  depopulated  every  second  electron 
comes  from  the  “inner”  trapped  level.  For  an 
isolated  dot  calculations  show  that  this  is  what  is 
expected.  On  warming  the  sample  to  above  700 
mK  the  doublet  structure  disappears,  leaving  only 
a  single-period  equal-amplitude  CBO.  Again  this 
is  consistent  with  our  explanation  since  the  RR 
oscillations  (RRO)  only  persist  to  500  mK.  How¬ 
ever,  Fig.  4  is  not  typical.  We  have  repeated  the 
measurements  by  cooling  the  samples  down  twice 
and  by  making  measurements  after  different 
amounts  of  illumination.  In  most  sweeps  [3]  we 
observed  a  more  complicated  behaviour  than  the 
simple  one  shown  in  Fig.  4.  In  each  case,  how¬ 
ever,  a  single-period  and  equal-amplitude  oscilla¬ 
tion  was  observed  on  warming  the  sample  up  to 
700  mK. 

Fig.  5  shows  a  series  of  Fourier  transforms  of 
typical  gate  voltage  sweeps  for  different  barrier 
conditions.  In  Fig.  5d  the  barrier  height  was  high 
enough  that  only  the  CBO  were  observed.  In  Fig. 
5a  the  barrier  was  low  allowing  full  transmission 
of  the  edge  states  across  the  barrier  (Fig.  9a)  so 
that  only  the  RRO  were  observed.  They  could  be 
distinguished  by  their  temperature  dependencies 
as  mentioned  above.  For  intermediate  barrier 
conditions  two  additional  peaks  could  usually  be 
observed  with  temperature  dependencies  very 
similar  to  the  RR  effect.  These  occurred  at  half 
and  a  quarter  the  frequency  of  the  CB  oscilla¬ 
tions.  Since  the  CBO  involve  every  electron  these 
frequencies  correspond  to  the  removal  of  every 
second  and  fourth  electron.  It  is  also  important  to 
note  that  in  the  region  where  the  two  effects 
coexist  the  RRO  have  changed  their  period  to 


i/vBG  (v'1) 


Fig.  5.  Fourier  transforms  of  backgate  voltage  sweeps  under 
different  barrier  conditions. 

become  commensurate  with  the  CBO.  Commen- 
surability  is  required  because  both  effects  involve 
the  removal  of  electrons  from  the  dot  but  the 
CBO  count  every  single  electron  removed  from 
the  dot.  The  major  difference  between  the  sweeps 
on  different  cooldowns  and  after  different  illumi¬ 
nations  was  the  relative  strength  of  the  two  RR 
peaks  in  the  Fourier  transforms  in  the  intermedi¬ 
ate  regime.  In  fact,  Fig.  4  was  a  special  case 
where  the  peak  corresponding  to  every  fourth 
electron  was  very  small.  The  RR  process  is  a 
“magneto-fingerprint”  of  the  exact  impurity  po¬ 
tential  of  the  dot  and,  therefore,  might  be  ex¬ 
pected  to  vary  with  different  cooldown  and  illu¬ 
mination.  In  order  to  explain  the  origin  of  the 
fourth  electron  peak  in  the  Fourier  spectrum  it  is 
only  necessary  to  consider  the  fact  that  it  is  highly 
likely  (in  the  absence  of  magnetic  impurities)  that 
spin  would  be  conserved  in  RR  tunnelling.  One 
would  therefore  expect  to  observe  separate  tun¬ 
nelling  processes  for  the  two  spin  directions.  It  is 
easily  shown  that  on  including  the  Zeeman  term 
the  single-electron  levels  of  the  trapped  inner 
edge  state  would  be  alternatively  spin  up  and 
down.  As  a  result  each  spin  direction  should  give 
a  RR  minimum  corresponding  to  the  depletion  of 
every  fourth  electron. 
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An  alternative  explanation  of  the  above  peak 
amplitude  behaviour  above  might  result  from  the 
different  tunnelling  probabilities  of  electrons  re¬ 
lated  to  the  spatial  position  of  the  wavefunctions 
of  the  trapped  states  in  relation  to  the  tunnelling 
barrier.  Indeed  such  an  effect  has  been  observed 
by  Alphenaar  et  al.  [8]  who  observed  a  periodic 
variation  in  the  amplitude  of  the  conductance 
peaks  with  a  period  determined  by  the  number  of 
trapped  edge  states.  This  was  observed,  however, 
for  a  well  isolated  dot.  Our  effect,  on  the  other 
hand,  occurs  only  in  the  intermediate  regime. 
CBO  were  studied  from  0  to  13  T  and  no  other 
periodic  behaviour  in  the  peak  conductance  was 
observed  other  than  in  this  regime.  Also  experi¬ 
ments  performed  as  a  function  of  magnetic  field, 
i.e.,  at  constant  electron  density,  give  further  proof 
that  a  coexistence  of  RR  and  CB  effects  is  the 
origin  of  the  period  doubling. 

We  now  consider  the  significance  of  the  above 
effects  involving  every  second  and  fourth  electron 
for  experiments  in  which  the  field  is  swept.  Firstly, 
we  note  that  the  period  and  amplitude  of  oscilla¬ 
tions  when  the  edge  states  are  fully  transmitted 
were  remarkably  constant  (NB,  over  a  field  range 
of  0.6  T  no  detectible  change  in  period  was 
observed).  Within  the  original  resonant  tun¬ 
nelling  explanation  of  the  effect  one  could  imme¬ 
diately  infer  from  this  that  either  these  oscilla¬ 
tions  are  due  to  a  single-spin  species  or  that  by 
coincidence  the  Zeeman  splitting  is  equal  to  half 
the  bare  level  spacing.  The  latter  case  is  easily 
shown  not  to  be  the  case  by  tilting  the  sample  in 
a  magnetic  field  (Fig.  6).  As  the  sample  is  tilted 
the  Zeeman  term  is  proportional  to  B  while  the 
Coulomb  term  varies  as  the  normal  component  of 
the  field,  B  cos  6.  In  fact  the  period  varies  as 
B  cos  6.  Thus,  at  first  sight  it  would  appear  as  if 
the  RRO  were  due  to  RR  tunnelling  through  a 
single-spin  species  (the  same  arguments  could  of 
course  be  made  for  our  gate  voltage  sweeps).  Fig. 
7a  is  a  field  sweep  in  the  RR  regime  where  the 
barrier  height  is  set  to  allow  the  outer  edge  state 
to  be  fully  transmitted.  A  single-period  oscillation 
is  seen.  For  reasons  which  will  become  clear 
below  we  label  the  oscillations  “a”  through  “d”. 
Fig.  7b  shows  a  field  sweep  after  a  very  small 
increase  in  the  barrier  height.  Two  effects  are 
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Fig.  6.  Resonant  reflection  oscillations  at  different  tilt  angles, 
0.  p*  =  A5-cos  d. 


visible.  Firstly,  a  small  change  in  period  occurs, 
similar  to  the  change  observed  in  backgate  volt¬ 
age  sweeps.  Further  increases  in  barrier  height 
(i.e.,  top-gate  voltage,  VTC)  had  a  much  smaller 
effect  on  the  period.  Secondly,  an  apparent  sup¬ 
pression  of  every  second  peak  can  be  seen  (i.e.,  at 
point  “c”).  When  the  barrier  height  is  raised 
further  (Fig.  7c),  triangular  MCO  begin  to  ap- 
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Fig.  8.  Expanded  view  of  one  of  the  oscillations  from  Fig.  7c. 


pear.  In  Fig.  8  one  such  triangular  structure  is 
enlarged.  From  the  spacing  of  the  minima  we  are 
able  to  identify  the  two  troughs,  “b”  and  “d” 
which  were  present  in  Figs.  7a  and  7b.  One  of  the 
two  troughs  is  much  shallower  (i.e.,  “d”  ).  How¬ 
ever,  point  “c”  is  also  a  trough  now.  Finally,  at 
the  high  field  end  of  7c  only  the  isolated  troughs 
associated  with  point  “b”  are  visible.  Note  that 
our  explanation  of  RR  as  a  mechanism  for  the 
MCO  leads  trivially  to  conductance  troughs, 
whereas  conductance  peaks  would  be  expected 
for  resonant  transmission.  We  note  also  that 
points  “a”  through  “d”  are  equally  spaced  in 
field. 


Xd  Xu 


Fig.  9.  Edge  state  schematics.  Xn  and  Xd  represent  spin-up 
and  spin-down  edge  states,  respectively.  represents  a  mixed 
state.  (See  text  for  details.) 

the  chemical  potential  diference  between  the  two 
edges  causing  a  conductance  drop.  Spin  is  con¬ 
served  in  the  process  so  that  an  equivalent  pro- 


4.  The  effects  of  electron-electron  interactions 
and  spin  on  the  RR  process 

In  order  to  understand  the  above  data,  it  is 
necessary  to  include  the  effect  of  electron-elec¬ 
tron  interactions  [9].  Fig.  9  shows  edge  state 
schematics  as  a  function  of  barrier  height  to  be 
compared  with  the  data  in  Figs.  7  and  8.  Consider 
Fig.  9a,  using  the  notation  of  Fig.  9  the  RR 
process  for  the  down  spins  can  be  described  as 
Xd  4>d  Xd’  where  electrons  from  the  upper 
edge  tunnel  through  the  confined  levels  (0d  and 
4>u  for  down-spin  and  up-spin  levels,  respectively) 
to  the  lower  edge  and,  thus,  partially  equilibrate 


VNra 


Fig.  10.  The  period  of  the  RT  oscillations  observed  by  Van 
Wees  et  al.  [2]  (solid  circles).  The  solid  line  shows  the  trend 
predicted  by  the  model. 
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cess  exits  for  the  up  spins  ->  <£u xh-  We 
define  the  associated  reflection  probabilities  of 
the  respective  edge  states  by  Rd  and  Rn.  At  their 
respective  resonances  their  values  are  almost 
identical  since  they  are  essentially  tunnelling 
probabilities  connecting  the  edge  and  confined 
states,  differing  only  in  their  spin. 

A  simple  calculation  of  the  single-particle  (SP) 
spectrum  shows  that  consecutive  resonances  in¬ 
volve  the  reflection  of  electrons  of  opposite  spin. 
If  electron-electron  interactions  are  taken  into 
account  this  SP  picture  is  invalidated  and  the 
magnetoconductance  becomes  a  probe  of  the 
“addition”  energy,  i.e.,  the  change  in  ground-state 
energy  (or  at  finite  temperatures  free  energy)  of 
the  system  on  incrementing  the  number  of  elec¬ 
trons  in  the  QDs  confined  states.  Resonances 
occur  when  this  addition  spectrum  equals  EF  (or 
more  generally  the  chemical  potential,  jjl,  at  finite 
temperatures).  Although  the  exact  form  of  the 
potential  is  not  known  detailed  simulations  [10] 
show  that  even  for  external  potentials  quite  dif¬ 
ferent  from  the  parabolic  form  the  single-energy 
levels  ef  are  quite  similar  to  those  of  the  parabolic 
confinement  discussed  by  Fock  [11].  Two  quan¬ 
tum  numbers  n ,  l  and  the  spin  quantum  number 
s  characterize  the  levels.  The  Landau  levels  occur 
in  the  limit  o)0/o)c  ~  0,  where  cd0  and  coc  are  the 
parabolic  and  cyclotron  frequencies,  respectively. 
It  is  necessary  to  consider  the  change  in  ground- 
state  energy  as  the  system  goes  from  an  N  elec¬ 
tron  system  to  an  N  +  1  electron  system.  If  the 
number  of  fully  transmitted  edge  states  is  kept 
constant  then  only  the  total  energy  of  the  trapped 
states  is  relevant.  The  ground-state  energy  of  the 
N  electron  system  can  be  written  down  using 
density  functional  theory  (DFT).  According  to 
DFT  the  electrons  in  a  magnetic  field  see  not 
only  their  usual  Coulomb  interactions  (i.e., 
Hartree  term)  but  also  an  exchange  correlation 
potential  Vxc  and  vector  potential  Axc.  One  may 
for  simplicity  assume  that  the  SP  energies  are 
calculated  using  B  and  ignore  the  effect  of  Axc. 
Some  recent  calculations  [12]  have  in  fact  found  it 
adequate  to  ignore  both  Axc  and  Vxc  (i.e.,  the 
Hartree  approximation).  The  effect  of  the  Vxc  is 
to  introduce  an  exchange-correlation  energy  exc 
for  each  energy  level. 


Thus,  we  can  write 

E(N)  =  l >?«,  +  I \uiJninj+  £<crt;,  (1) 

i  ij 

where  nt,  rij  =  1  for  occupied  states  and  zero 
otherwise,  and  utj  is  the  Coulomb  interaction 
between  electrons  in  levels  i  and  j.  The  occupied 
states  are  for  i  and  /,  to  N.  On  adding  an  extra 
electron  we  need  to  include  one  more  Kohn- 
Sham  state  in  the  summations.  Hence,  the  addi¬ 
tion  spectrum  is  given  by 

A£(A+1,  N)  =E(N  +  1)  -E(N) 

^(7V+ 1)  '  ui(N+ 1)  ^  Cxc  9 

i  <N+  1 

(2) 

and  tunnelling  can  occur  if  A  E(N  +  1,  N)  =  EF. 

The  elements  in  Eq.  (2)  can  be  given  explicitly 
in  terms  of  the  Kohn-Sham  wavefunctions  of  the 
trapped  states,  ^(z).  In  particular, 

Ui(N+l)  =  (4>i{Z)<t>(n  +  l)(Z  )  I 

(e*)2/\z-z’\ 

\<<t>i(z)<t>(„+i)(z'))/Kqd.  (3) 

The  effective  charge  e*  already  contains  the  ef¬ 
fect  of  the  background  dielectric  constant  of  the 
semiconductor.  The  electrons  in  the  fully  trans¬ 
mitted  edge  states  are  “metallic”  and  contribute 
an  additional  screening  contribution  to  the 
screening  function  of  the  quantum  dot,  Kqd.  We 
can  define  an  average  electron  separation 
(ri(N+  d>  by  the  equation 

Ui(N+l)  =  (e*)  /(^r/(N+l))^rqd)?  (4) 

and  define 

^(Af+l)=  H  Ui(N+l) 
i<N+  1 

=  ((e*)Aqd)  £  ('■/(AT+l))"1-  (5) 

i<(N+ 1) 

Therefore, 

AE( N,  N  +  1)  =  6(°a,  +  j,  +  U(N+ 1}  +  eg*'- 1\  (6) 

If  we  assume  that  U  is  the  dominant  energy 
scale  of  the  problem  and  is  independent  of  N  for 
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a  reasonable  range  of  N  then  we  can  explain  the 
single  period  of  Fig.  7a  even  though  every  second 
oscillation  is  due  to  tunnelling  of  electrons  of 
different  spin.  It  is  interesting  to  note  that  U  is  a 
microscopic  description  of  the  charging  energy  of 
the  usual  Coulomb  blockade  theory  which  is  writ¬ 
ten  in  terms  of  an  effective  capacity  of  the  quan¬ 
tum  dot.  The  consequences  of  the  screening  func¬ 
tion  will  be  dealt  with  later. 

Let  us  now  consider  how  the  XS-^<£S->XS, 
with  s  =  uor  d,  process  is  affected  if  we  increase 
the  barrier  height  (Fig.  7b  and  7d),  i.e.  The  con¬ 
ductance  of  the  barrier  GB<  2.  Under  our  exper¬ 
imental  conditions,  neither  of  the  spin-resolved 
edge  state  is  then  fully  transmitted  across  the 
barrier  (i.e.,  we  are  not  in  the  fully  adiabatic 
regime  in  the  barriers).  However,  the  edge  state 
with  s  =  d  is  preferentially  reflected  at  the  barri¬ 
ers.  For  simplicity  we  assume  that  the  edge  state 
with  s  =  u  is  still  fully  transmitted  and  described 
by  Xu  (see  Fig.  9b).  But  the  Xd  state  becomes 
quasi-confined  and  is  represented  as  a  mixed 
state  Wd 

%  =  aXd(nL)+b4>d(ni,,p)+  •**,  (7) 

where  Xd  and  </>d(/3)  are  the  wavef unctions  of  the 
extended  and  confined  part  of  the  mixed  state. 
<j>d(nL,  f3)  is  the  confined  spin-down  state  closest 
to  the  Fermi  energy  and  is  associated  with  the 
same  Landau  level  index,  nL  (in  this  case  nL  =  1), 
as  its  partner  but  has  a  discrete  angular  momen¬ 
tum  index  p.  The  ellipsis  in  Eq.  (7)  indicates  that 
other  confined  states  also  contribute  to  the  mixed 
state  but  for  simplicity  we  make  the  obvious  as¬ 
sumption  that  <f>d(nL,  p)  is  dominant.  The  values 
a 2  and  b 2  represent  the  probabilities  that  a  s  =  d 
electron  entering  the  dot  appears  in  the  extended 
or  confined  component  of  the  mixed  state,  and 
their  values  are  determined  by  the  boundary  con¬ 
ditions  at  the  first  QPC  barrier  which  match  ^d 
to  the  incoming  edge  state.  It  is  important  to 
note,  however,  that  matching  the  boundary  condi¬ 
tions  for  maximum  transmission  at  the  first  QPC 
does  not  guarantee  that  they  are  matched  at  the 
second  QPC.  For  selected  boundary  conditions 
the  net  effect  of  the  mixing  in  of  </>d(nL,  P)  is  to 
decrease  transmission  across  the  dot.  That  is  in 


addition  to  the  RR  via  the  Xs  <£s  path  we 
now  have  an  additional  reflection  denoted  by 
Rmtd.  This  reflection  process,  which  occurs  at  B 
fields  corresponding  to  maxima  in  b2  does  NOT 
directly  involve  the  inner  confined  levels  <f>d  (n'L, 
/)  where  n{  is  the  Landau  level  index  of  the  inner 
level  (i.e.,  2  in  this  experiment). 

Point  “b”  in  Fig.  6  represents  the  Ru  reso¬ 
nance  and  is  therefore  unaffected  by  the  mixed 
state.  Point  “d”  represents  the  Rd  process  and 
becomes  gradually  weaker  as  more  of  the  spin- 
down  edge  state  is  reflected  at  the  barriers.  This 
can  be  seen  in  the  triangular  structure  in  Fig.  8 
where  the  “d”  resonance  is  clearly  much  weaker 
than  the  “b”  resonance.  Finally,  when  the  GB  ^  2 
this  “d”  resonance  disappears  since  the  edge 
state  is  totally  reflected  at  the  barrier  (see  Fig.  9c 
for  the  edge  state  configuration).  This  creates  a 
“period  doubling”  for  MCO.  We  associate  the 
dip  at  point  “c”  in  Figs.  7b,  7c  and  8  with  the 
Rintd  mechanism  described  above  and  illustrated 
in  Fig.  9b.  This  mechanism  is  also  not  present 
when  the  edge  state  is  fully  reflected  at  the 
barriers. 

We  now  return  to  the  role  of  the  fully  trans¬ 
mitted  edge  states  in  the  experiment.  In  Eq.  (3)  it 
is  explicitly  indicated  that  the  Coulomb  energy  U 
is  screened  by  Kqd.  If  the  dot  contains  only 
trapped  states  the  polarizability  Kqd  is  negligible 
and  Kqd  =  Kqd.  Here  tunnelling  will  involve  all 
the  usual  Coulomb  blockade  effects.  When  fully 
transmitted  edge  states  are  present  the  polariz¬ 
ability  increases  dramatically.  They  act  as  metallic 
strips  and  are  polarizable  because  virtual  excita¬ 
tions  to  empty  states  lying  just  above  EF  become 
possible  since  there  is  no  gap  at  EF  in  the  regions 
penetrated  by  the  edge  state.  If  we  assume  to  first 
order  that  the  polarizability  of  all  of  the  fully 
transmitted  edge  states  is  the  same,  then 

^qd  =  ^qd  +  ^FS^FS >  (®) 

with 

^qd  <NFS7rFS- 

It  should  be  also  noted  that  o)0  is  affected 
since  the  confining  potential  is  also  screened  and 
is  now  represented  by  (o0/Nfsttfs ,  where  7tfs  is 
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the  static  polarizability  of  an  edge  state.  Thus, 
one  effect  of  NFS  is  to  decrease  the  SP  energy 
separation. 

From  this  simple  picture  we  can  predict  that 
the  period  of  the  oscillations  should  (if  we  make 
all  the  above  assumptions)  be  proportional  to  the 
inverse  number  of  fully  transmitted  edge  states. 
Our  dots  did  not  show  MCO  for  a  sufficient 
number  of  NFS  to  confirm  this  prediction,  but  in 
Fig.  9  we  plot  the  period  from  the  original  MCO 
experiment  by  Van  Wees  et  al.  against  the  in¬ 
verse  of  the  number  of  fully  transmitted  edge 
states.  As  can  be  seen  the  agreement  is  excellent, 
suggesting  strongly  that  even  for  the  1.5  yu  m  dot 
charging  effects  dominated  the  MCO  period. 

In  conclusion  we  have  reported  results  in  a 
regime  where  the  MCO  and  CB  effects  coexist. 
We  have  shown  that  they  can  be  understood  only 
if  electron-electron  interactions  are  taken  into 
account.  The  screening  effect  of  the  fully  trans¬ 
mitted  edge  states  largely  determines  the  period 
of  the  MCO.  We  have  used  our  results  to  reinter¬ 
pret  the  original  MCO  experiment  previously  in¬ 
terpreted  as  an  Aharanov-Bohm  effect. 
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Abstract 

We  have  measured  at  low  temperatures  the  current  through  a  submicrometer  superconducting  island  connected 
to  normal-metal  leads  by  ultrasmall  tunnel  junctions.  At  low  bias  voltages,  the  current  changes  from  being  e-periodic 
in  the  applied  gate  charge  to  2e-periodic.  We  interpret  this  2e-periodic  current  as  a  manifestation  of  a  sequence  of 
Andreev  reflection  events  which  transports  two  electrons  at  a  time  across  the  island.  This  behavior  is  clear  evidence 
that  there  is  a  difference  in  total  energy  between  ground  states  of  an  even  or  odd  number  of  electrons. 


The  behavior  of  systems  with  a  small  number 
of  quantum  particles,  like  atomic  nuclei,  depends 
on  whether  the  total  number  of  particles  is  even 
or  odd.  The  pairing  of  electrons  in  a  supercon¬ 
ductor  may  lead  to  an  observation  of  this  effect  in 
an  isolated  sample  with  a  macroscopic  ( ~  109) 
number  of  such  particles.  At  very  low  tempera¬ 
tures,  a  simple  view  is  that  all  the  electrons 
should  condense  into  the  BCS  ground  state  if 
their  number  is  even.  However,  an  odd  number 
of  electrons  will  require  one  electron  to  remain  in 
an  excited  quasiparticle  state  of  energy  A.  Is  it 
possible  to  observe  these  even-odd  parity  effects 
in  a  mesoscopic  superconductor? 

The  superconductor  can  be  conveniently  inves¬ 
tigated  by  connecting  it  to  metal  leads  by  two 
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ultrasmall  tunnel  junctions  which  only  weakly 
perturb  the  system.  The  junctions  allow  us  to 
probe  the  energy  of  the  island  versus  the  electron 
number.  To  do  this,  two  conditions  must  be  met. 
First,  junction  resistances  RT  must  exceed  the 
resistance  quantum  RK  =  h/e2  to  ensure  that  the 
charge  state  of  the  island  is  well  defined.  Further¬ 
more,  the  Coulomb  energy  of  the  island  Ec  = 
e2/2C,  where  C  is  its  capacitance,  must  exceed 
kBT  so  that  single-electron  tunneling  occurs.  We 
present  current-voltage  characteristics  for  a  sam¬ 
ple  with  normal  leads  (NSN)  [1].  In  this  case  the 
mechanism  of  tunneling  is  understood  more  read¬ 
ily  than  in  the  all-superconducting  case  (SSS) 
where  Josephson  tunneling  and  its  interaction 
with  the  electromagnetic  environment  play  a  ma¬ 
jor  role  [2]. 

In  order  to  externally  vary  the  charge  state  of 
the  island,  a  gate  voltage  is  capacitively  coupled 
to  the  island.  This  gate  continuously  polarizes  the 
island  with  a  gate  charge  Q  =  CgVg.  For  a  nor- 
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mal-metal  island  at  zero  temperature,  the  zero- 
bias  conductance  vanishes  unless  the  gate  charge 
removes  the  Coulomb  energy  barrier,  which  oc¬ 
curs  at  charges  Q/e  —  n  +  1/2,  where  n  is  an 
integer.  The  associated  current  will  be  e-periodic 
with  the  gate  charge  as  depicted  in  Fig.  lb.  How¬ 
ever,  if  the  island  is  superconducting,  the  gap 
energy  significantly  alters  the  situation.  In  Fig.  lc 
we  show  En  vs  Q  for  various  values  of  the  elec¬ 
tron  number.  Now  single-electron  tunneling  can 
possibly  occur  for  values  of  Q/e  different  from 
n  +  1/2.  However,  for  conduction  to  occur  the 
same  quasiparticle  state  has  to  be  filled  and  emp¬ 
tied  as  the  charge  moves  through  the  junctions. 
One  expects  a  very  low  conductance  ( <  (100 
Gfl)-1)  from  this  channel  [3].  Since  Cooper  pair 
tunneling  is  excluded,  we  must  consider  a 
higher-order  process  allowing  the  simultaneous 
tunneling  of  two  electrons.  We  envision  a  process 
where  two  electrons  enter  the  island  through  one 
junction  and  form  a  Cooper  pair,  followed  by  the 
disappearance  of  another  Cooper  pair  as  two 
electrons  exit  the  island.  This  process  is  identical 
to  Andreev  reflection  at  each  S-I-N  junction. 

The  schematic  of  the  device  is  shown  in  the 
lower  inset  of  Fig.  2,  as  well  as  the  actual  physical 
layout  in  the  upper  left.  The  sample  was  fabri¬ 
cated  by  electron-beam  lithography  and  double¬ 
angle  evaporation.  The  Al  island  was  350  nm 
thick  and  was  spatially  separated  from  its  extra- 


Fig.  1.  System  energy  vs  gate  voltage  for  several  values  of  the 
excess  number  of  electrons  in  the  (a)  normal  or  (c)  supercon¬ 
ducting  island.  The  gate  continuously  polarizes  the  island 
accounting  for  the  parabolic  relationship  between  energy  and 
gate  charge  CgKg.  In  the  superconducting  case  (c),  states  with 
an  odd  number  of  electrons  are  elevated  by  A.  Zero-bias 
conductance  is  shown  in  (b)  and  (d)  for  the  two  cases. 


Fig.  2.  Large-scale  I-V  characteristic  with  gate  charge  ad¬ 
justed  for  maximum  and  minimum  gap.  The  sharp  current  rise 
at  2  A  /e  is  indicative  of  two  NS  junctions  in  series.  The  lower 
inset  is  the  device  schematic;  the  upper  inset  is  the  actual 
layout. 


neous  twin  left  over  from  the  double  angle  evapo¬ 
ration.  The  normal  leads  consisted  of  a  5  nm  Al 
buffer  layer  overlaid  by  a  55  nm  layer  of  gold. 
The  buffer  layer  was  used  to  promote  adhesion; 
its  superconductivity  should  be  suppressed  com¬ 
pletely  by  its  proximity  to  the  much  thicker  gold 
layer.  The  large-scale  current-voltage  character¬ 
istics  are  presented  in  Fig.  2  with  the  gate  voltage 
adjusted  to  give  maximum  and  minimum  gaps  on 
the  positive-voltage  side.  The  current  sharply  rises 
at  a  voltage  compatible  with  the  usual  measured 
gap  of  Al.  The  device  parameters  could  be  found 
from  the  large-scale  characteristics;  we  obtained 
RJ{  -  RT2  -  65  kH,  Ec/e  =  126  fxV  and  A/e  = 
235  fxV. 

Figure  3  is  a  plot  of  the  device  voltage  versus 
gate  voltage  for  a  series  of  constant  current  bi¬ 
ases.  The  current  biases  range  from  3  pA  for  the 
contour  at  the  lowest  voltage,  to  2.05  nA  for  the 
contour  near  800  |jlV.  In  accordance  with  the  I-V 
curves  in  Fig.  2,  currents  on  the  scale  of  a  few  pA 
begin  to  appear  only  as  the  voltage  approaches 
2A/e,  where  two  quasiparticle  excitations  can  be 
created.  Above  this  voltage,  the  V-V%  curves  form 
a  characteristic  sawtooth  pattern.  Threshold  lines 
following  the  slopes  of  the  curves  are  drawn, 
which  indicate  the  voltages  that  must  be  ex¬ 
ceeded  for  single-electron  tunneling  to  be  al¬ 
lowed.  As  will  be  discussed  below,  there  is  a 
cotunneling  process  which  yields  current  below 
these  thresholds;  this  accounts  for  the  rounding 
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Fig.  3.  Bias  voltage  vs  gate  voltage  for  several  values  of  the 
current.  The  bias  currents  in  pA  are:  3,  6,  33,  67,  175,  343, 
762,  1070,  1460,  1750  and  2050.  Well  above  2 A  /  e,  the  con¬ 
tours  form  the  sawtooth  pattern  characteristic  of  the  normal 
single-electron  transistor.  Near  Q/e  =  n  + 1/2,  current  is  ob¬ 
served  below  2A/e.  The  inset  is  a  plot  of  current  vs  gate 
charge  for  V  =  430  |xV.  The  double  peak  structure  is  found  at 
voltages  just  under  2A  /  e. 


of  the  V~Vg  curves  within  the  threshold  lines.  An 
unusual  feature  in  the  data  is  seen  where  the 
threshold  lines  cross  at  2 A/e  and  the  Coulomb 
gap  is  eliminated  by  the  gate  voltage.  Currents  on 
the  scale  of  several  pA  occur  here  for  voltages 
slightly  less  than  2A/e.  This  suggests  the  excita¬ 
tion  of  quasiparticles  within  the  gap  or  possibly 
thermal  activation.  Another  interesting  aspect  to 
this  current  is  the  double-peak  structure  in  the 
dependence  on  gate  charge  as  shown  in  the  inset. 
There  is  a  relative  minimum  in  the  current  where 
the  Coulomb  gap  for  two-quasiparticle  excitations 
is  completely  removed.  We  observe  that  the  cur¬ 
rent  peaks  appear  to  follow  the  threshold  lines 
below  the  gap  voltage  2  A  /e. 

At  bias  voltages  exceeding  twice  the  supercon¬ 
ducting  gap  we  observed  modulation  of  the  cur¬ 
rent  with  gate  charge  very  similar  to  that  in  the 
normal-metal  transistor,  but  with  the  voltage  ori¬ 
gin  being  offset  by  2 A  /e.  For  voltages  less  than 
the  Coulomb  gap  and  in  the  range  2  A/e  <V  < 
2(A  +  Ec)/e,  the  current  from  two  sequential  sin¬ 
gle-electron  tunneling  events  should  be  exponen¬ 
tially  small.  However,  we  observe  a  smooth  in¬ 
crease  of  the  current  with  voltage,  similar  to  the 
current  produced  by  inelastic  cotunneling  in  the 


normal-state  single-electron  transistor  [4,5].  In 
this  second-order  process,  electrons  simultane¬ 
ously  tunnel  through  both  junctions  and  the  cur¬ 
rent  is  thus  inversely  proportional  to  the  product 
of  the  junction  resistances.  The  charge  state  of 
the  island  is  unchanged  after  this  process,  al¬ 
though  electron-like  and  hole-like  quasiparticles 
must  still  be  created.  The  inelastic  nature  of  the 
process  thus  requires  voltages  greater  than  2A/e 
in  order  to  excite  the  quasiparticles  in  the  island. 
The  theory  for  inelastic  cotunneling  is  used  to 
calculate  at  maximum  gap  and  T  =  0  the  current 
/  =  (i?K/^1^2)  (C/e)2  (W2A/e  +  28K3/3tt), 
where  V—  2 A/e.  The  data  shown  in  Fig.  4 
are  taken  for  maximum  Coulomb  gap,  and  are  in 
good  agreement  with  the  theoretical  curves  calcu¬ 
lated  from  our  measured  parameters. 

In  Fig.  5  we  show  experimental  I  vs  Vg  data 
taken  at  35  mK  for  two  bias  voltages:  (a)  V  =  478 
|xV^2 A/e  and  (b)  H=63  \sN-A/ 4e.  At  the 
larger  voltage,  where  quasiparticle  tunneling  is 
allowed,  the  data  are  c-periodic  as  expected.  The 
low-voltage  data  have  twice  the  period  of  the 
higher  voltage  data,  and  the  current  peaks  are 
positioned  at  minima  of  the  high-voltage  data. 
This  behavior  is  exactly  predicted  by  the  simple 
Coulomb  blockade  model  incorporating  an  en¬ 
ergy  asymmetry  between  even  and  odd  states 
which  was  depicted  above  in  Fig.  1. 


V-2A  [pV] 

Fig.  4.  Current-voltage  characteristic  for  voltages  beyond 
2 A/e,  adjusted  for  maximum  gap.  Points  are  experimental 
data.  The  solid  curve  is  the  result  of  the  calculation  of  the 
cotunneling  rate,  including  both  quadratic  and  cubic  terms. 
The  dashed  line  shows  the  contribution  of  the  quadratic  term 
only. 
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Fig.  5.  Current  vs  gate  voltage  curves  for  bias  voltages  (a) 
V  —  478  mV -2 A/e  and  (b)  K=63  mV  =  A/4e.  Periodici¬ 
ties  of  the  gate  charge  are  indicated  by  the  arrows. 

Figure  6  shows  I-V  characteristics  for  three 
values  of  the  charge  bias.  The  2 e-periodicity  is 
evident  in  the  different  characteristics  between 
the  Q  =  0  and  Q  =  e  data.  The  curve  for  Q  = 
1.06 e  shows  a  small  Coulomb  gap  opening  up  at 
the  origin.  This  behavior  is  markedly  different 
from  what  is  seen  in  the  SSS  device  where  the 
charge  transfer  is  coherent  and  has  a  supercur¬ 
rent-like  current-voltage  characteristic.  The  gap 
at  the  origin  points  to  an  incoherent  process 
where  voltage  thresholds  for  each  junction  must 
be  exceeded  in  order  that  sequential  tunneling 
occurs. 

To  summarize  the  2e-periodic  data,  we  note 
that  the  current  mechanism  must  lead  to  (1) 
sequential  transport  in  two-electron  increments 
across  the  junctions,  (2)  linear  conductance  near 


Fig.  6.  Current-voltage  characteristics  at  small  voltages  for 
three  values  of  the  charge  bias. 
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Fig.  7.  Schematic  depiction  of  the  two-electron  tunneling 
process  involving  a  normal  metal  (N)  and  a  superconductor 
(S)  separated  by  a  tunnel  barrier.  The  holes  created  in  the  left 
electrode  have  energies  ex  and  e2 ,  where  el  +  e2  =  2  eV. 
These  two  electrons  form  a  Cooper  pair  in  the  superconduc¬ 
tor  and  thus  no  quasiparticle  excitations  are  created. 


the  origin,  and  (3)  a  limiting  voltage  beyond  which 
the  current  decreases  quickly.  Figure  7  is  a  depic¬ 
tion  of  the  two-electron  process  responsible  for 
the  low-voltage  current.  At  bias  voltages  less  than 
A  /e,  the  single-electron  tunnel  events  are  impos¬ 
sible  since  a  quasiparticle  of  energy  A  must  be 
created.  However,  a  two-electron  process,  which 
creates  two  holes  in  the  normal  metal  and  one 
Cooper  pair  in  the  superconductor,  is  possible. 
For  a  single  junction,  the  conductance  for  the 
process  is 

GNs  ~  13 

m 

where  Tm  is  the  transmission  coefficient  for  the 
mth  transverse  mode  [6].  This  is  similar  to  the 
Landauer  conductance  formula,  except  that  here 
Tm  is  squared  because  two  electrons  tunnel  si¬ 
multaneously  across  a  junction.  The  transmission 
coefficient  is  related  to  the  normal  state  conduc¬ 
tance  by 

H  Tm  =  *kGnn/2. 

m 

If  Tm  is  constant  for  each  channel,  then  the 
conductance  from  two-electron  tunnel  events  be¬ 
comes  GNS  =  RK/4Meff(RT)2  where  Meff  is  the 
effective  number  of  conduction  channels.  This 
single-junction  calculation  can  be  extended  to  the 
double-junction  NSN  system  to  include  the  lower¬ 
ing  of  the  intermediate  state  energies  due  to  the 
Coulomb  interaction  [6,7],  The  zero-bias  conduc¬ 
tance  of  100  Mfl  we  measure  is  consistent  with  a 
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value  of  Meff  of  about  100  which  is  reasonable 
considering  the  granularity  of  the  Al  films. 

Figure  6  shows  that  when  the  charge  bias  is 
adjusted  for  Q/e  -  2n  +  1,  the  current  decreases 
rapidly  above  about  100  |jlV.  This  decrease  can  be 
explained  by  noting  that  there  are  two  possible 
conduction  channels:  (1)  the  (0  ->  2  ->  0)  process 
described  above,  and  (2)  the  (0  ->  1  ->  0)  process 
where  the  same  quasiparticle  state  is  filled  and 
then  emptied.  Because  the  (1  ->  0)  transition  rate 
is  very  low,  state  1  is  occupied  for  a  long  time  and 
thus  blocks  the  (0  ->  2  ->  0)  channel  from  con¬ 
tributing  a  current.  The  voltage  at  which  the 
Andreev  reflection  disappears  can  be  found  by 
computing  when  state  1  becomes  occupied  [7]. 
This  occurs  when  the  free-energy  difference  be¬ 
tween  the  0  and  1  states  goes  to  zero,  which  gives 
a  voltage  2 (A  -  Ec  -  kBT  In  Neff)/e  =  160  jllV, 
where  7Veff  is  the  effective  number  of  available 
quasiparticles  [2].  This  prediction  is  in  reasonable 
agreement  with  our  data,  and  will  fit  our  data  if 
we  choose  a  value  of  A  that  is  only  10%  less  than 
what  is  given  above. 

Although  the  conductance  remained  fairly 
constant  with  temperature,  the  peak  current  de¬ 
creased  linearly  with  increasing  temperature  and 
disappeared  at  T0  =  130  mK,  as  shown  in  Fig.  8. 
At  zero  bias  voltage  and  gate  charges  Q/e  =  In 
-I- 1,  the  energy  difference  between  even  and  odd 
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Fig.  8.  Plot  of  the  maximum  current  of  the  2e-periodic  peak 
versus  temperature.  The  peak  disappears  at  T0  =  130  mK. 


levels  is  A-Ec .  Thus  the  odd  level  becomes 
significantly  populated  when  the  temperature 
reaches  kBTQ  =  (A  -  Ec)/\n  N&ff=  140  mK  [1]. 
Our  measured  threshold  temperature  is  in  good 
agreement  with  this  simple  thermodynamic  pre¬ 
diction. 

In  conclusion,  we  have  clearly  observed  the 
energy  difference  between  even  and  odd  states  in 
a  small  superconductor.  This  observation  was 
made  possible  by  a  tunneling  mechanism  similar 
to  Andreev  reflection  occurring  through  NIS  tun¬ 
nel  junctions.  It  is  the  combined  effect  of  the 
Coulomb  blockade  and  the  superconducting  gap 
that  gives  this  system  its  interesting  and  unusual 
properties.  Because  single-electron  tunneling 
events  are  blocked  by  the  Coulomb  energy,  sec¬ 
ond-order  tunneling  processes  can  be  clearly  ob¬ 
served. 
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Abstract 

We  study  lateral  tunneling  through  a  quantum  box  including  electron-electron  interactions  in  the  presence  of  a 
magnetic  field  which  breaks  single  particle  degeneracies.  The  conductance  at  zero  temperature  as  a  function  of  the 
Fermi  energy  in  the  leads  consists  of  a  set  of  peaks  related  to  changing  by  one  the  electron  occupancy  in  the  box.  We 
find  that  the  position  and  heights  of  the  peaks  are  controlled  by  many-body  effects.  We  compute  the  conductance  up 
to  8  electrons  for  several  cases  where  correlation  effects  dominate.  In  the  range  of  intermediate  fields  spin  selection 
rules  quench  some  peaks.  At  low  and  high  fields  the  behavior  of  the  conductance  as  a  function  of  the  number  of 
electrons  is  very  different  due  to  big  changes  in  the  many-body  ground  state  wavefunctions. 


The  increasing  ability  for  producing  extremely 
small  cavities  where  only  a  few  electrons  (N  <  10) 
coexist,  allows  the  study  of  many-body  effects  on 
the  lateral  tunneling  through  such  structures  [1]. 
The  concept  of  capacitance  is  too  simple  to  de¬ 
scribe  effects,  like  exchange  and  correlation, 
which  should  be  extremely  important  in  those 
small  systems.  In  many  cases,  the  experiments  are 
performed  in  the  presence  of  a  high  magnetic 
field  B.  The  aim  of  this  paper  is  to  show  that 
correlation  effects  are  crucial,  even  in  the  case  in 
which  the  system  is  not  in  the  fractional  quantum 
Hall  regime.  A  Keldysh  framework  [2]  is  used  to 
obtain  the  conductance  of  a  square  quantum  box, 
in  the  linear  response  regime,  including 
electron-electron  interaction.  The  leads  are  as- 
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sumed  to  behave  like  a  Fermi  liquid,  i.e.,  elec¬ 
trons  there  can  be  described  in  terms  of  quasipar¬ 
ticles.  Hartree,  exchange  and  correlation  interac¬ 
tions  among  all  the  electrons  confined  in  the  box 
are  included  in  order  to  calculate  conductances. 
We  include  a  cut-off  in  the  two-dimensional 
Coulomb  interaction  to  take  into  account  the 
finite  width  of  actual  systems. 

We  analyze  lateral  magnetotunneling  including 
many  body  effects  in  the  dot  by  using  a  Keldysh 
formalism  [2-4].  We  take  two  equal  barriers  sep¬ 
arating  the  box  from  each  lead.  So,  the  current  is 
given  by  [2] 

M/l(«)  -/r(®)]  Im[tr{r  C}], 

where  fL  and  /R  are  the  Fermi  distributions  of 
the  left  and  right  leads  respectively  and  GT  is  the 
non-equilibrium  retarded  Green’s  function  in¬ 
cluding  all  the  many-body  effects  as  well  as  the 
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coupling  to  the  leads  given  by  F.  In  a  single 
particle  basis, 

GJj(t)  =  -i*(0(<rfi(*K>  +  <d]di(  0>). 
and 


^j(®)-2irEP/(®)0F|/)<Z|K|y). 

i 

dt  and  dj  are  the  annihilation  and  creation  oper¬ 
ators  of  box  states  |  i)  and  |  j)  respectively,  the 
angular  brackets  in  GJj  mean  thermal  average,  V 
is  the  potential  that  couples  the  box  to  the  leads, 
these  having  eigenstates  |  /)  and  density  of  states 
It  is  important  to  realize  that  the  coupling  F 
can  be  obtained  as  output  of  a  single-particle 
calculation  of  tunneling.  We  concentrate  in  the 
linear  regime  at  zero  temperature  so  that  thermal 
averages  become  expectation  values  in  the  ground 
state,  Gr  being  the  equilibrium  retarded  Green’s 
function  at  zero  temperature.  The  total  Hamilto¬ 
nian  is  represented  in  the  basis  of  antisym¬ 
metrized  configurations  a^N)  =  {nt},  where  ni  are 
the  occupations  of  single  particle  states  |  i )  veri¬ 
fying  ni  =  0  or  1  and  E^—iV.  The  many-body 
eigenstates  with  energies  E (pN)  of  a  box  with  N 
electrons  are  written  as  &pN)  =  Eacapa(N).  In 
this  basis,  the  equilibrium  Green’s  function  gT 
for  an  isolated  box  takes,  in  the  Lehmann  repre¬ 
sentation,  the  form 


gOTKu)  =  limn  E 


AWP+ 


(o  +  E(0N)  -  E(pN+1)  + 


iri 


+ 


AWP- 


•> 


where  the  numerators  are  spectral  weights 

i  di  i  <PiN+l))(&iN+l)  i  df  i  #T> 

and  =  <#<*>  |  dt  \  Of I  dj 

|  0^ON)).  The  calculation  of  the  conductance  G  = 
eJ/Afi ,  requires  the  coupling  to  the  leads  by 
using  a  self-energy  Er  =  (gr)-1  -  (Gr)-1.  The  in¬ 
teraction  and  the  coupling  to  the  leads  must  be 
solved  simultaneously.  Such  an  analysis  has  been 
done  only  for  the  Anderson  Hamiltonian  [4-6].  A 
Kondo-like  peak  appears  in  the  density  of  states 
at  the  Fermi  energy  and  at  zero  temperature  due 
to  correlations  to  the  leads.  This  would  give  rise 


to  perfect  transparency.  The  existence  of  the 
Kondo  effect  requires  degeneracy,  usually  of  spin, 
of  the  single-particle  levels.  If  the  degeneracy  is 
broken  by  the  Zeeman  term  due  to  magnetic 
field,  the  Kondo  peak  shifts  away  from  the  Fermi 
energy  and,  again,  correlations  to  the  leads  are 
not  important  for  the  properties  at  such  energy 
[5],  Therefore,  in  our  problem  with  magnetic  field, 
we  neglect  correlations  in  the  coupling  to  the 
leads  and  consider  the  self-energy  Er  only  as  the 
non-interacting,  single-particle  self-energy  Esp.  A 
very  good  approximation  for  the  single-particle 
self-energy  is  to  consider  that  the  coupling  to  the 
leads  only  broadens  the  levels  i,  j  but  does  not 
shift  or  mix  them,  i.e.  E-p  -  -iF^y.  Then,  the 
conductance  in  the  presence  of  the  magnetic  field 
becomes 


^  N,i 


4T+rij(E  F) 


X 


(£f-5K-£^+1)  +  £^>)  +f£ 
(£F  —  8V  +  E(0n~  x>  -  E<iN))2  +  r,5  j  ’ 


where,  for  zero  temperature  and  well-resolved 
resonances,  the  only  significant  contribution 
comes  from  /3  =  0.  E F  is  the  Fermi  level  of  the 
leads  and  8  V  gives  the  bottom  of  the  box  poten¬ 
tial  with  respect  to  those  of  the  leads.  The  con¬ 
ductance  reduces  to  a  set  of  peaks,  each  one 
related  to  the  variation  of  the  discrete  number  N. 
This  is  achieved  when  the  Fermi  level  at  the  leads 
verifies  E¥~  8V ±E^N ±X)  + E^N).  The  position 
of  each  peak  of  the  conductance  is  a  many-body 
feature,  a  result  also  obtained  [3,7]  in  the  very 
different  regime  kBT^  T.  Correlation  effects  re¬ 
flect  on  the  height  of  each  peak  [3],  which  is  given 
by  E*  The  width  of  each  peak  is  given  by  the 
single  particle  coupling  rt  i. 

We  apply  the  above  discussed  scheme  to  a 
square  box  defined  by  two  barriers  built  up  in  a 
wire  (along  the  y  direction)  of  width  W  by  means 
of  transverse  (i.e.  in  the  x  direction)  gate  poten¬ 
tials.  These  gate  potentials  create  two  effective 
barriers  of  width  /b  and  height  Vb  separated  from 
each  other  by  the  distance  W,  In  such  a  square 
geometry,  only  solutions  for  isolated  boxes  with 
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N  =  2  and  B  =  0  have  been  calculated  [8].  We 
work  with  a  strong  perpendicular  magnetic  field 
described  in  a  Landau  gauge  (A  =  Bxuy).  Each 
single  particle  state  will  be  labelled  as  i  = 

( n ,  k,  a),  where  cr  is  the  spin  index  and  n  and  k 
are  the  discrete  quantum  numbers  related  to 
spatial  shape  of  the  wavefunction.  These  single 
particle  states  are  straightforwardly  obtained  from 
the  diagonalization  of  the  Hamiltonian  repre¬ 
sented  in  a  basis  of  sines  and  cosines  in  the  x  and 
y  directions.  From  these  wavefunctions,  the 
broadenings  Fii9  required  for  the  calculation  of 


the  conductance,  are  obtained  using  their  expres¬ 
sions  given  before. 

We  present  here  results  of  the  calculation  for 
a  square  box  of  side  W=  100  nm.  We  use  its 
single  particle  eigenfunctions  to  describe  elec¬ 
tron-electron  interactions  within  the  box.  The 
calculation  of  each  matrix  element  of  the  total 
Hamiltonian  reduces  to  compute  four-dimen¬ 
sional  integrals  involving  single  particle  wavefunc¬ 
tions.  By  diagonalizing  the  Hamiltonian  one  ob¬ 
tains  the  energies  of  N  electrons  in  the  box  as 
well  as  the  eigenstates  in  the  form  of  linear 


6  V  {meV) 

Fig.  1.  Many-body  conductance  G  of  a  box  with  W  =  100  nm  and  EF=  11.5  meV  as  a  function  of  the  dot  bottom  potential  between 
B  =  2  and  3  T. 
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combinations  of  configurations.  The  box  is  de¬ 
fined  by  two  barriers  of  width  lh  =  25  nm.  In 
order  to  have  weak  coupling  between  the  box  and 
the  leads  we  take  a  barrier  height  Vb  =  12  meV. 
Following  the  experimental  procedure,  we  fix  the 
Fermi  energy  of  the  leads  at  EF=  11.5  meV  and 
move  the  box  bottom  potential  8V. 

There  are  three  regimes  of  B  depending  on 
the  characteristics  of  the  many-body  ground 
states.  Firstly,  we  present  results  in  the  interme¬ 
diate  regime  of  magnetic  fields.  The  main  result 
is  that  the  ground  state  of  the  box  with  N  elec¬ 
trons  changes  its  multiplet  symmetry  when  vary¬ 
ing  the  magnetic  field.  This  has  an  important 


implication:  for  some  ranges  of  B  the  difference 
between  the  total  spin  of  N  and  N±1  electrons 
is  larger  than  1/2.  Then,  the  spectral  weights  are 
zero  and  the  conductance  of  the  box,  when  pass¬ 
ing  from  N  to  N  3- 1  electrons,  disappears.  Later 
on,  following  with  the  variation  of  the  field,  the 
multiplet  character  of  the  ground  state  changes 
once  again  and  the  difference  1  /2  is  restored  and 
the  peak  of  the  conductance  appears  once  again. 
This  is  observed  in  Fig.  1  in  the  conductance  of 
our  square  box  with  magnetic  fields  correspond¬ 
ing  to  have  5,  6  and  7  flux  quanta  through  the  box 
(this  implies  to  cover  a  range  between  2  and  3  T). 
Since  we  fix  the  energy  difference  between  the 


1  I  I  I  ,  - 1  - T" 

12  8  4  0  -4  -8  -12 


6  V  (meV) 

Fig.  2.  Many-body  conductance  G  of  a  box  with  W=  100  nm  and  EF  ~  11.5  meV  as  a  function  of  the  dot  bottom  potential  for 
B  =  1.25  and  6.25  T. 
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top  of  the  barrier  and  the  Fermi  energy  of  the 
leads,  the  broadening  of  all  the  peaks  is  practi¬ 
cally  the  same.  The  numbers  within  the  figure 
stand  for  the  number  of  electrons  within  the  box. 
For  the  lower  field,  the  conductance  decreases 
when  N  increases,  due  to  the  decrease  of  the 
spectral  weights.  When  the  magnetic  field  in- 
creases,  the  peak  corresponding  to  4  electrons 
disappears  because  the  ground  state  of  3  elec¬ 
trons  has  a  total  spin  5  =  3/2  while  the  ground 
state  of  4  electrons  has  a  total  spin  S  —  0  so  that 
the  spectral  weight  is  zero.  This  gives  a  zero  in 
the  conductance  intensity  although  a  small  lower¬ 
ing  of  the  bottom  of  the  dot  potential  would 
allow  the  introduction  of  the  electron  in  the  dot 
without  implying  current  (i.e.  conductance)  in  the 
whole  system.  For  an  even  higher  field,  the  ground 
state  of  the  dot  with  3  electrons  recovers  5  =  1/2 
and  the  peak  conductance  corresponding  to  4 
electrons  appears  once  again.  The  spectral 
weights  AW  give  both  the  spin  selection  rules 
discussed  above  and  strong  reductions  in  some 
peaks  intensity.  For  instance,  at  the  higher  field, 
the  peak  corresponding  to  2  electrons  becomes 
rather  small  because  the  ground  state  corre¬ 
sponds  to  single  particle  wavefunctions  in  the 
outer  region  of  the  box  due  to  Coulomb  repulsion 
while  the  1  electron  ground  state  is  situated  in 
the  inner  region  so  that  the  spectral  function 
reduces  significantly.  This  is  similar  to  the  orbital 
angular  momentum  rule  obtained  in  circular  dots 
[3,9].  The  peaks  have  been  shifted  with  respect  to 
the  single  particle  result  by  the  charging  effect 
that,  in  this  case,  is  rather  constant  with  the 
number  of  particles. 

Let  us  now  discuss  the  high  and  low  field 
regimes  in  which  there  are  no  questions  related 
to  total  spin  selection  rules.  Fig.  2  gives  the 
conductance  of  the  box  containing  up  to  8  elec¬ 
trons  for  magnetic  fields  in  two  different  regimes. 
For  3  flux  quanta  through  the  box  (B  =  1.25  T) 
the  many-body  wavefunctions  are  rather  compli¬ 
cated  including  all  the  possible  spin  configura¬ 
tions,  while  for  15  flux  quanta  ( B  =  6.25  T)  the 
N-electrons  ground  state  is  spin  polarized.  Due  to 
the  big  differences  in  the  wavefunctions,  the  peaks 
behave  in  a  very  different  way.  For  the  lower  field 
(i.e.  for  non-polarized  wavefunctions)  the  peaks 


are  rather  high,  presenting  a  minimum  for  the 
transition  between  5  and  6  electrons  and  tending 
to  e2/h  for  increasing  N.  For  the  higher  field 
(i.e.  for  spin  polarized  wavefunctions)  the  spectral 
weights  present  a  stronger  variation  but  the  peaks 
also  tend  to  have  a  conductance  e2/h.  It  must  be 
stressed  that  we  are  presenting  conductances 
coming  from  ground  state  properties  at  fixed 
magnetic  field,  something  different  to  previous 
works  [3]  where,  in  order  to  study  the  fractional 
regime,  the  system  is  not  maintained  in  its  ground 
state.  Some  other  minor  results  can  also  be  ex¬ 
tracted  from  Fig.  2:  (1)  the  charging  energy  is  not 
totally  constant  and  (2)  for  the  high  field,  once 
again,  the  peak  for  2  electrons  is  very  small 
because  it  relates  N-electron  wavefunctions  with 
very  different  spatial  distribution. 

In  summary,  we  have  computed  the  conduc¬ 
tance  of  a  box  in  the  presence  of  a  magnetic  field 
at  zero  temperature  including  all  the  electron- 
electron  interaction  without  any  restriction  in  the 
spin  configuration.  The  conductance  consists  of  a 
set  of  peaks  with  their  position  and  intensity 
determined  by  many-body  effects  while  their 
width  is  essentially  given  by  the  coupling  between 
single  particle  states  in  the  box  and  in  the  leads. 
In  the  intermediate  range  of  fields,  the  ground 
state  of  N  electrons  changes  its  multiplet  charac¬ 
ter  with  the  variation  of  the  magnetic  field  imply¬ 
ing  selection  rules  that  quench  some  conductance 
peaks.  The  ground  state  wavefunctions  have  big 
differences  between  the  low  and  the  high  field 
regimes.  Therefore,  the  spectral  weights  imply 
different  behaviors  of  the  conductance  peaks  as  a 
function  of  the  number  of  electrons  in  both  field 
regimes. 
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Abstract 

Charging  effects  on  resonant  tunneling  are  studied  in  modulation-doped  double-barrier  heterostructures.  We 
observe  a  blockade  of  the  tunneling  current  around  zero-bias  in  small-area  devices,  while  in  large-area  devices  we 
observe  a  tunneling  current  with  a  zero-threshold  bias  due  to  the  modulation  doping.  The  blockade  voltage  width 
varies  in  proportion  to  the  inverse  square  of  the  conducting  diameter,  and  agrees  well  with  the  calculated  charging 
energy  for  a  single  electron.  At  the  high  voltage  end  of  this  blockade  region  we  observe  step-like  current -voltage 
features  and  fine  structure  in  the  form  of  small  peaks  and  shoulders.  This  fine  structure  is  related  to  the  interplay 
between  charging  and  size  quantization  effects. 


1.  Introduction 

Quantum  mechanical  effects  in  a  semiconduc¬ 
tor  quantum  dot  lead  to  the  formation  of  zero-di¬ 
mensional  (0D)  states  with  discrete  energies. 
Tunneling  through  the  0D  states  is  impeded  by  a 
single-electron  charging  effect  or  Coulomb  block¬ 
ade  when  an  electron  is  substantially  delayed  in 
the  dot  during  transport.  The  charging  effect  has 
been  demonstrated  in  lateral  transport  through  a 
quantum  dot  formed  in  a  two-dimensional  elec¬ 
tron  gas  (2DEG)  when  size  quantization  is  negli¬ 
gible  [1-3].  A  signature  for  combined  0D  states 
and  charging  has  recently  been  observed  in  a 
similar  but  smaller  quantum  dot  [4].  The  size 
quantization  effect  in  resonant  tunneling  has  been 
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well  defined  in  vertical  transport  through  a 
small-area  double-barrier  heterostructure  (DBH), 
which  shows  a  series  of  peaks  in  the  current 
versus  voltage  (I-V)  characteristics  due  to  reso¬ 
nance  associated  with  the  0D  states  in  the  well 
[5-7].  The  charging  effect  is  not  important  in  this 
DBH  because  the  tunneling  electron  is  not  de¬ 
layed  in  the  well  [5].  The  charging  effect  has  been 
studied  in  small-area  asymmetric  DBHs  [8,9].  For 
these  asymmetric  tunnel  barrier  structures,  the 
I-V  characteristic  shows  a  stepwise  increase  of 
the  tunneling  current  with  increasing  bias  voltage, 
known  as  a  Coulomb  staircase  [10].  In  these 
structures,  however,  Coulomb  blockade,  which  is 
a  good  measure  of  charging  energy,  is  masked  by 
a  large  threshold  bias  needed  to  align  the  0D 
state  with  the  Fermi  energy  in  the  contact.  This 
paper  reports  on  the  charging  effects  observed  in 
a  small-area  modulation-doped  DBH  for  which 
size  quantization  and  charging  effects  coexist.  The 
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Fig.  1.  I-V  characteristics  of  small-area  devices. 


DBH  has  an  asymmetry  in  barrier  thickness  lead¬ 
ing  to  a  large  difference  in  the  transmission  coef¬ 
ficients  of  the  emitter  and  collector  barriers.  The 
modulation  doping  generates  surplus  electrons  in 
the  well.  Therefore,  the  DBH  when  it  is  suffi¬ 
ciently  large,  shows  a  zero-threshold  bias  for  res¬ 
onance.  This  enables  us  to  observe  Coulomb 
blockade  in  the  small-area  device  when  the  tun¬ 
neling  current  is  suppressed  around  zero-bias, 
and  to  determine  the  single-electron  charging  en¬ 
ergy.  At  the  high  voltage  end  of  the  Coulomb 
blockade  we  observe  a  Coulomb  staircase  modu¬ 
lated  by  fine  structure,  which  is  related  to  the 
interplay  between  the  charging  and  size  quantiza¬ 
tion  effects. 


2.  Samples 

A  schematic  diagram  of  our  DBH  devices  is 
shown  in  Fig.  1.  The  DBH  consists  of  a  10.2  nm 
thick  Al03Ga07As  barrier,  a  6.0  nm  thick  GaAs 
well,  and  a  8.8  nm  thick  Al03Ga07As  barrier. 
Each  Al03Ga0  7As  barrier  is  selectively  doped  to 

1  X  10 11  cm~2  in  the  center,  and  is  adjacent  to  a 

2  nm  thick  GaAs  spacer  and  a  n-GaAs  contact 
doped  to  1  X  10 18  cm-3.  Five  sheets  of  Si  with  an 


areal  density  of  1  X  1011  cm-2  are  embedded  in 
the  upper  contact  close  to  the  surface  for  the 
purpose  of  fabricating  a  non-alloyed  contact.  In 
the  WKB  approximation  the  transmission  coeffi¬ 
cient  through  the  second  barrier  (thicker  collec¬ 
tor  barrier),  Tc,  is  smaller  than  that  through  the 
first  barrier  (thinner  emitter  barrier),  Te,  by  a 
factor  of  ~  8  around  zero  bias.  Due  to  the  differ¬ 
ing  thickness  of  the  barriers  the  average  steady- 
state  number  of  electrons  in  the  well,  ( n ),  in¬ 
creases  in  the  positive  bias  region  and  decreases 
in  the  negative  bias  region  when  the  bottom 
contact  is  grounded.  A  large  area  device  fabri¬ 
cated  from  the  DBH  exhibits  a  tunneling  current 
with  a  zero-threshold  bias,  a  large  current  peak  at 
0.3  V  and  a  small  current  peak  at  -0.08  V.  A 
large  area  device  fabricated  from  a  similar  DBH 
without  selectively  doped  barriers  exhibits  a  tun¬ 
neling  current  with  a  threshold  of  0.1  V  and  a 
peak  at  0.37  V  in  positive  bias  and  a  threshold  of 
-0.071  V  and  a  peak  at  -0.16  V  in  negative 
bias.  We  analyze  the  differences  in  negative  bias 
where  the  band  bending  effect  is  small,  and  esti¬ 
mate  for  the  modulation-doped  DBH  that  the 
confined  level  is  4  ±  1  meV  below  the  Fermi 
energy  in  the  contacts  at  0  V  and  the  electron 
density  in  the  well  is  (1.1  ±  0.3)  X  1011  cm“2.  The 
DBH  is  processed  into  small-area  devices  with  a 
geometrical  radius  R  between  0.21  and  1.0  /xm 
using  electron-beam  lithography  and  wet  chemi¬ 
cal  etching. 


3.  Charging  effects 

Fig.  1  shows  the  I-V  characteristics  of  devices 
with  R  ranging  from  0.36  to  0.21  /xm.  The  princi¬ 
ple  resonance  is  visible  in  all  cases.  The  sidewall 
depletion  width,  W,  is  determined  to  be  0.13  fim 
from  measurements  of  peak  current  versus  R  [6]. 
The  smallest  device  has  a  conducting  diameter  of 
2(R  —  W)  =  0.16  m,  from  which  we  estimate 
that  15  to  27  electrons  accumulated  in  the  well  at 
zero  bias.  We  have  previously  reported  that  a 
series  of  current  peaks  due  to  resonant  tunneling 
through  the  0D  states  confined  in  the  well  domi¬ 
nates  the  I-V  characteristic  of  a  small-area  un¬ 
doped  DBH  [7].  When  the  DBH  is  laterally  de- 
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Applied  voltage  (mV) 

Fig.  2.  Details  of  the  I-V  characteristics  (Fig.  1)  in  the  low  bias  region. 


pleted  or  R  -  W  R  [7],  the  lateral  confinement 
of  the  harmonic  potential  forms  OD  subbands 
with  a  good  degeneracy.  The  existence  of  a  con¬ 
ducting  region  in  the  DBH  readily  lifts  the  degen¬ 
eracy,  and  reduces  the  subband  energies.  This 
probably  obscures  the  underlying  effect  of  size 
quantization  in  the  I-V  curves  in  Fig.  1.  The 
effect  of  size  quantization  is  also  not  important  in 
the  contact  because  the  heavy  doping  leads  to  a 
small  sidewall  depletion  and  strong  inelastic  scat¬ 
tering. 

Fig.  2  shows  Fig.  1  in  the  low  bias  region  on  an 
expanded  scale.  The  tunneling  current  is  rapidly 
suppressed  around  0  V  for  the  devices  with  R  < 
0.26  fMm.  This  current  suppression  appears  more 
pronounced  for  the  smaller  devices.  The  voltage 
width,  AK,  over  which  the  tunneling  current  is 
used  as  a  direct  measure  of  the  charging  energy 
ekV/2  =  e2/C,  where  C  is  the  total  capacitance. 
Here,  we  assume  that  most  of  the  applied  voltage 
drops  uniformly  across  the  DBH  around  0  V 
since  the  tunneling  current  in  large  devices  with 
R  >  0.36  fjim  increases  monotonically  with  volt¬ 
age.  The  charging  energy  thus  obtained,  Ec ,  is 
plotted  as  a  function  of  R  in  Fig.  3.  The  electro¬ 
chemical  potential  of  the  dot  is  nearly  equal  to 
that  of  the  reservoirs,  emitter  and  collector  con¬ 


tacts,  in  the  vicinity  of  0  V.  This  is  not  the  case 
for  an  undoped  DBH  because  a  large  threshold 
bias  for  resonance  gives  rise  to  a  large  band 
bending.  Consequently,  the  total  capacitance  of 
the  tunnel  junctions  is  well  defined  by  C  =  rr(R 
-  W)2er  •  (l/de  +  l/dc),  where  d&  and  dc  are 
respectively  the  emitter  and  collector  barrier 
thicknesses,  and  er  is  the  dielectric  constant  of 
Alo.3Gao.7As.  The  solid  line  in  Fig.  3  shows  the 
calculated  charging  energy  Ec  =  e2/C  and  repro¬ 
duces  well  the  values  derived  from  AK  The  ef¬ 
fect  of  electron-electron  interactions  in  the  dot  is 


Fig.  3.  Charging  energy  as  a  function  of  geometrical  DBH 
radius.  The  dotted  line  indicates  the  sidewall  depletion  width. 
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neglected  in  the  calculation  because  the  number 
of  electrons  in  the  dot  is  not  very  small.  The 
suppression  of  tunneling  current  around  0  V 
(Coulomb  blockade)  is  followed  by  a  stepwise 
increase  of  the  current  in  the  high  voltage.  This 
becomes  pronounced  for  the  small  device  with 
R  —  0.21  /xm  in  positive  bias.  Addition  of  one 
more  electron  to  the  dot  results  in  a  Coulomb 
staircase  whose  period  is  given  by  AF  =  2  e/C. 
The  observed  step-like  structure  is  fairly  well 
reproduced  by  a  Coulomb  staircase  with  AF  =5.4 
mV  and  a  current  step  A/ =  70  pA.  The  A I 
agrees  well  with  the  resonant  tunneling  current 
70  =  54  pA  through  one  state  in  the  well  given  by 


hTeEF  +  TcF0’ 


(1) 


where  EF  is  the  Fermi  energy  in  the  contacts  and 
E0  is  the  energy  level  confined  by  the  DBH.  In 
negative  bias,  however,  such  a  step-like  structure 
is  not  seen.  This  is  probably  due  to  the  size 
quantization  effect  being  more  significant  than 
the  charging  effect  as  described  later  in  this  pa¬ 
per. 


4.  Coexistence  of  size  quantization  and  charging 
effects 

Superimposed  on  the  step-like  characteristic 
we  observe  a  small  negative  differential  resis¬ 
tance  accompanying  each  step,  and  fine  structure 
consisting  of  small  peaks  and  shoulders.  These 
features  are  most  pronounced  only  in  the  small¬ 
est  device  and  are  unchanged  after  a  heat  cycle. 
Therefore,  they  are  probably  not  due  to  impurity 
states  in  the  well.  Fig.  4  shows  the  subband 
energies  imposed  by  the  lateral  confinement  as  a 
function  of  R  calculated  for  the  present  device. 
A  parabolic  potential  with  a  Fermi-level  pinning 
of  0.75  eV  is  assumed  for  the  lateral  confinement 
imposed  by  the  sidewall  depletion  [7].  The  degen¬ 
eracy  of  the  subbands  is  lifted  and  the  subband 
separation  becomes  dramatically  small  when  R  > 
W.  Resonant  tunneling  occurs  through  the  sub- 
bands  above  EF,  which  correspond  to  3  to  5  meV 
in  the  figure.  Resonant  tunneling  of  an  electron 


Dot  radius  (pm) 

Fig.  4.  Subband  energies  imposed  by  the  lateral  confinement 
calculated  for  the  device  with  R  —  0.21  fim.  The  number  on 
each  line  indicates  the  degeneracy  without  the  spin  factor. 


through  the  0D  state  from  the  three-dimensional 
contact  can  give  rise  to  a  sharp  current  peak 
when  the  Fermi  energy  in  the  contact  and  the  0D 
state  align  [7].  The  average  energy  separation  A  E 
of  the  0D  states  at  R  =  0.21  fim  is  0.5  to  1  meV 
in  the  vicinity  of  EF.  The  value  of  2  A  E/e  is 
comparable  to  the  average  separation  between 
the  small  current  peaks  indicated  by  the  arrows  in 
Fig.  2,  whose  positions  are  well  defined  in  the 
derivative  dl/dV.  Therefore,  we  expect  that  the 
Couloumb  staircase  is  modulated  by  the  existence 
of  the  0D  states.  This  view  is  consistent  with  the 
change  of  the  fine  structure  at  higher  tempera¬ 
tures  as  well  as  in  the  presence  of  a  magnetic 
field.  Fig.  5  shows  the  I-V  curves  for  the  device 
with  R  =  0.21  ^m  in  positive  bias  at  different 
temperatures.  The  staircase  structure  remains  up 
to  4.2  K  although  Coulomb  blockade  becomes 
less  critical  as  the  temperature  increases.  The 
fine  structure  becomes  ambiguous  at  4.2  K  when 
the  thermal  broadening  kT  of  the  0D  state  is 
comparable  to  the  subband  separation.  Applica¬ 
tion  of  a  weak  magnetic  field  parallel  to  the 
direction  of  tunneling  gives  rise  to  a  complicated 
change  in  the  fine  current  structure.  We  observe 
a  splitting  of  the  small  peaks  or  shoulders  to  high 
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Fig.  5.  I-V  curves  in  the  low  positive  bias  for  the  device  with 
R  =  0.21  fim  at  different  temperatures. 

and  low  energies  as  the  magnetic  field  is  in¬ 
creased  up  to  1  T.  This  behavior  can  be  related  to 
the  lifting  of  the  degenerate  0D  states  in  the 
presence  of  weak  magnetic  field.  A  discussion  of 
the  magnetic  field  dependence  will  appear  in  a 
later  publication. 

The  appearance  of  fine  structure  from  the  size 
quantization  effect  superimposed  on  the  Coulomb 
staircase  has  already  been  predicted  theoretically 
[1].  The  negative  differential  resistance  can  be  a 
characteristic  of  resonant  tunneling  through 
well-defined  0D  states  [7,12].  Addition  of  one 
more  electron  to  the  quantum  dot  is  blocked  by 
the  charging  energy  as  long  as  the  surplus  elec¬ 
trons  reside  in  the  dot,  which  is  the  case  when 
TJTC :»  1.  Otherwise,  the  escape  of  an  electron 
from  the  dot  induces  resonant  tunneling  through 
the  0D  states  before  compensating  for  the  charg¬ 
ing  energy.  This  probably  occurs  in  our  device 
because  the  ratio  TG/TC  ~  8  is  not  large  enough. 
We  also  speculate  that  the  dot  may  not  be  local¬ 
ized  from  the  reservoirs  strongly  enough  to  define 
( n )  as  an  integer  although  this  issue  has  not  yet 
been  investigated.  However,  the  present  argu¬ 
ments  are  not  yet  fixed.  It  is  still  necessary  to 
develop  a  more  elaborate  theory  to  account  for 
the  interplay  between  the  charging  and  size  quan¬ 
tization  effect  since  the  size  quantization  effect  is 
stronger  than  expected.  In  the  negative  bias  di¬ 
rection,  fine  structure  in  the  tunneling  current 
similar  to  that  in  the  positive  bias  is  observed,  as 


shown  by  the  arrows  in  Fig.  2,  although  the 
staircase  is  not  seen.  This  is  unexpected  in  our 
model  since  the  subtraction  of  one  more  electron 
from  the  dot  is  blocked  by  the  charging  energy  in 
negative  bias.  The  tunneling  current  in  the  small 
devices  with  R  <  0.26  jam  increases  more  steeply 
with  voltage  in  the  negative  bias  than  in  positive 
bias.  This  implies  that  (n)  is  not  so  well  defined 
in  negative  bias  as  in  positive  bias.  Therefore, 
following  the  preceding  discussion,  we  would  an¬ 
ticipate  a  more  predominant  effect  of  size  quanti¬ 
zation  on  the  I-V  characteristic  in  negative  bias 
than  in  positive  bias. 


5.  Conclusions 

We  observe  Coulomb  blockade  of  resonant 
tunneling  in  small-area  modulation-doped  DBHs 
and  determine  the  charging  energy  as  a  function 
of  conducting  diameter.  Coulomb  blockade  is  fol¬ 
lowed  by  step-like  current-voltage  characteristics 
with  extra  structure,  which  is  related  to  the  inter¬ 
play  between  the  charging  and  size  quantization 
effects. 
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Abstract 

We  have  fabricated  a  quantum  box  device  in  close  proximity  to  a  one-dimensional  (ID)  ballistic  channel,  but  in  a 
separate  circuit.  This  is  achieved  using  electron  beam  lithography  to  define  sub-micron  gates  on  a  modulation  doped 
GaAs/GaAlAs  heterostructure  containing  a  high  mobility  electron  gas.  When  the  ID  channel  is  biased  in  the 
tunneling  regime  it  is  extremely  sensitive  to  neighbouring  electric  fields,  and  therefore  the  potential  variation  in  the 
quantum  box.  The  resistance  variation  with  voltage  in  this  channel  is  calibrated  by  applying  a  known  voltage  to  the 
quantum  box  and  in  this  way  the  Coulomb  charging  energy  is  measured  in  a  non-invasive  manner.  The  Coulomb 
charging  caused  by  removal  of  electrons  from  the  dot  is  detectable  while  immeasurably  small  currents  flow  through 
the  dot.  The  measured  charging  energy  is  500  /xeV  which  compares  well  with  that  calculated  from  a  measurement  of 
the  total  capacitance  between  all  the  surrounding  conducting  regions  and  the  quantum  box. 


1.  Introduction 

Theoretical  suggestions  for  non-invasive  mea¬ 
surements  of  voltage  and  chemical  potential  in 
sub-micron  devices  have  been  discussed  in  the 
literature  for  some  time  [1].  To  measure  voltage  a 
capacitance  technique  is  required,  while  to  mea¬ 
sure  chemical  potential  one  would  require  a 
weakly  coupled  voltage  probe.  In  this  paper  we 
will  discuss  the  realization  of  a  technique  to  mea¬ 
sure  the  single  electron  charging  energy  in  a 
semiconductor  quantum  box  in  a  non-invasive 
manner  [2].  The  charging  voltage  on  a  metal 
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island  has  been  investigated  using  the  known 
properties  of  a  similar  metal  CB  device  fabricated 
nearby  [3].  Recently  there  has  been  a  great  deal 
of  work  in  the  field  of  single  electron  charging  or 
Coulomb  blockade  (CB).  Such  effects  were  first 
observed  in  granular  metal  films  [4]  and  later  in 
sub-micron  metal-oxide -metal  junctions  [5].  In 
the  light  of  the  initial  transport  measurements 
through  a  lateral  quantum  dot  defined  using 
Schottky  gates  above  a  high  mobility  GaAs/Ga- 
AlAs  heterostructure  [6],  it  was  suggested  [7]  that 
such  a  structure  should  show  CB  oscillations  in 
the  conductance  with  changing  gate  voltage. 
These  CB  oscillations  were  subsequently  ob¬ 
served  in  such  structures  [8]. 

In  order  to  make  a  non-invasive  measurement 
of  the  electrostatic  potential  on  the  quantum  dot 
in  the  CB  regime  we  needed  to  make  use  of 
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capacitance  coupling  so  that  no  charge  flows  from 
the  dot.  Typically  a  2DEG  area  of  0.5  fim  square 
has  a  capacitance  of  10” 16  F  while  the  capaci¬ 
tance  coupling  to  the  dot  of  a  2DEG  0.1  jim 
away  is  of  the  order  10” 17  F.  Thus  the  addition 
of  one  electron  onto  the  dot  would  put  1/10  of 
an  electron  onto  the  neighbouring  2DEG  area.  A 
voltmeter  connected  to  this  region  would  be  un¬ 
able  to  measure  this  voltage  as  a  charge  of  greater 
than  1/10  of  an  electron  would  be  required  to 
make  such  a  measurement.  What  was  required 
was  a  method  of  miniaturising  our  voltmeter  and 
putting  this  next  to  the  quantum  box.  The  solu¬ 
tion  was  to  use  a  ballistic  point  contact  next  to 
the  quantum  box,  but  in  a  separate  circuit.  When 
such  a  channel  is  biased  in  a  tunneling  regime  it 
is  very  sensitive  to  surrounding  voltages,  so  the 
voltage  change  on  the  dot  due  to  the  addition  of 
single  electrons  then  causes  the  resistance  of  this 
channel  to  alter. 


2.  Measurement  of  charging  energy 

Fig.  1  is  an  electron  micrograph  of  the  gate 
pattern  defined  by  electron  beam  lithography  on 
our  device.  The  bar  down  the  middle  separates 
two  circuits,  one  with  a  quantum  box  defined  by 
the  three  gates  on  the  right-hand  side  of  the  bar, 
and  the  other  with  a  ballistic  point  contact  de¬ 
fined  between  the  gate  on  the  left  and  the  bar. 
The  gates  were  fabricated  on  top  of  a  two-dimen¬ 
sional  electron  gas  (2DEG)  with  a  mobility  of  120 
m2  V”1  s”1  and  a  carrier  concentration  of  3.61  X 
10 15  m2.  The  2DEG  resides  70  nm  below  the 
surface.  Voltage  probes  on  either  side  of  the  box 
and  the  ballistic  point  contact  made  it  possible  to 
measure  their  conductance  simultaneously. 

By  putting  a  negative  voltage  of  -0.8  V  on  the 
bar  down  the  middle  (G1  in  Fig.  2)  the  two 
circuits  can  be  electrically  isolated  so  that  even 
when  a  DC  bias  voltage  of  more  than  100  mV  is 
applied  a  current  of  less  than  1  pA  flows  between 
them.  By  adjusting  the  gates  G3,  G4  and  G5  on 
the  right  of  the  bar,  CB  oscillations  in  the  con¬ 
ductance  measured  from  top  to  bottom  are  ob¬ 
served.  The  conductances  are  measured  using  a 
10  fiV  AC  applied  voltage  and  a  current  ampli- 


Fig.  1.  An  electron  micrograph  of  sample  showing  the  gates 
Gl,  G2,  G3,  G4  and  G5. 


fier.  All  the  measurements  were  performed  in  a 
dilution  refrigerator  with  a  base  temperature  T  < 
20  mK.  The  gates  G5  and  G3  form  two  barriers 
and  the  gate  G4  is  used  as  a  plunger  to  change 
the  area  of  the  confined  2DEG  dot.  From 
Aharonov-Bohm-like  oscillations  [9]  when  the 
conductance  is  greater  than  le2/h  we  deduce 
that  the  area  of  the  dot  is  approximately  0.65  X 
0.24  iim2.  With  the  conductance  less  than  2e2 /h, 
sweeping  the  plunger  G4  results  in  periodic  oscil¬ 
lations  of  period  12.3  mV.  These  oscillations  are 
independent  of  magnetic  field  indicating  that  they 
are  due  to  single  electron  charging.  In  parallel 
with  this  measurement  the  resistance  of  the  chan¬ 
nel  between  the  gates  Gl  and  G2  is  measured 
with  the  resistance  set  greater  than  h/2e 2  (typi¬ 
cally  100  kfl).  We  chose  a  resistance  greater  than 
the  quantized  value,  because  then  the  transmis- 
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^Plunger  (V) 

Fig.  2.  (i)  The  CB  oscillations  in  the  dot  against  plunger 
voltage,  with  the  detector  resistance  also  shown,  (ii)  The 


calibrated  dot  potential  variation. 

sion  probability  must  be  less  than  one.  In  other 
words  the  electrons  are  tunneling  through  a  bar¬ 
rier.  As  we  are  measuring  the  resistance  of  the 
detector  with  a  constant  current  of  1  nA  and  the 
detector  resistance  is  around  100  kfl  we  have  a 
bias  voltage  of  around  100  fjN  on  the  detector,  a 
value  comparable  with  the  tunneling  barrier 
height.  This  level  of  current  was  required  to 
ensure  a  sensible  signal-to-noise  ratio. 

As  the  screening  in  the  plane  of  the  2DEG  is 
not  perfect  the  potential  seen  by  the  dot  is  sensi¬ 
tive  to  all  the  surrounding  gates  including  G2. 
The  capacitance  between  all  these  gates  and  the 
regions  of  2DEG  can  be  deuced  from  the  period 
of  the  CB  oscillation  with  an  applied  DC  voltage 
to  each  gate  or  area  of  2DEG.  The  total  capaci¬ 
tance  of  the  dot  is  then  the  sum  of  all  these 
values  and  comes  to  CE  =  2.9x10“ 16  F.  This 
implies  that  the  charging  energy  of  the  dot  AE  = 
e2/Cz  =  550  fitV. 

In  Fig.  2  the  conductance  of  the  dot  and  the 
resistance  of  the  detector  are  shown.  The  conduc¬ 
tance  in  the  quantum  box  oscillates  from  0.2  to  6 
fiS  while  the  resistance  of  the  detector  rises  from 
90  to  120  kfl.  On  this  background  there  are  dips 


which  correspond  with  the  peaks  in  the  conduc¬ 
tance  in  the  neighbouring  circuit.  The  rising 
background  is  due  to  direct  coupling  between  the 
gate  G4  (plunger)  and  the  detector.  Although  it  is 
useful  to  measure  relative  potentials,  it  is  far 
more  useful  to  measure  the  absolute  change  in 
potential.  To  obtain  this  information  the  detector 
had  to  be  calibrated.  To  achieve  this  the  voltage 
on  the  plunger  was  removed  so  that  a  voltage 
could  be  applied  directly  to  the  2DEG  region 
between  the  tunnel  barriers  of  the  CB  dot.  The 
variation  in  resistance  with  voltage  applied  to  the 
2DEG  is  then  recorded  and  was  found  to  be 
nearly  linear  and  not  exponential.  This  occurs 
because  the  bias  voltage  across  the  barrier  is 
large  compared  to  the  barrier  in  the  detector; 
however,  the  exact  form  of  the  relation  is  unim¬ 
portant.  Although  in  this  calibration  procedure 
the  leads  connected  to  the  dot  also  float  up  to  the 
applied  voltage,  this  modification  to  the  resis¬ 
tance  of  the  detector  is  small  because  of  the 
greater  distance  of  these  regions.  The  rising  back¬ 
ground  due  to  the  plunger  G4  is  corrected  for  by 
raising  the  temperature  of  the  device  until  there 
is  no  CB  structure  in  the  detector.  When  this 
high  temperature  background  is  subtracted  from 
the  low  temperature  curve  and  the  calibration 
with  the  applied  2DEG  potential  is  used  we  get  a 
non-invasive  measurement  of  the  potential  on  the 
dot.  As  the  bias  voltage  across  the  detector  is  of 
the  order  of  100  f£V  the  temperature  dependence 
of  the  detector  is  weak  for  temperatures  less  than 
1  K.  It  is  worth  noting  that  the  structure  in  the 
detector  is  washed  out  by  a  temperature  of  500 
mK  while  the  CB  in  the  dot  itself  is  lost  at  around 
1.2  K.  The  signal  in  the  detector  is  being  lost 
when  the  thermal  smearing  is  comparable  to  the 
change  in  the  barrier  height  due  to  the  CB  poten¬ 
tial  in  the  box.  This  implies  a  value  of  40  /xeV  for 
the  detector  modulation. 

Returning  to  Fig.  2,  the  bottom  curve  shows 
the  amplitude  of  the  potential  oscillations  in  the 
quantum  dot.  The  first  thing  to  notice  is  that  the 
amplitude  of  the  oscillations  in  potential  are  of 
the  order  500  /ueV  in  good  agreement  from  that 
calculated  from  our  estimate  of  e2/Cz .  This  is 
around  12  times  larger  than  the  modulation  it 
causes  in  the  detector.  This  value  fits  nicely  with 
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the  ratio  of  the  total  capacitance,  CE,  to  the 
capacitance  from  the  dot  to  the  detector,  which 
comes  to  14.  The  second  obvious  feature  of  this 
graph  is  that  peaks  in  the  conductance  through 
the  box  correspond  to  the  points  of  inflection  in 
the  potential.  This  is  to  be  expected,  because  we 
are  measuring  the  time  averaged  potential  on  the 
dot  as  a  current  of  0.6  nA  flows  at  the  peaks  in 
the  conductance.  This  corresponds  to  600  million 
electrons  per  second  passing  through  the  dot 
making  it  oscillate  from  +e2/Cz  to  -e2/Cz 
every  nano-second.  As  the  time  constant  in  the 
detector  circuit  is  300  ms  no  potential  is  mea¬ 
sured.  Changing  the  gate  voltage  off  a  peak  in 
conductance,  means  that  the  probability  of  find¬ 
ing  an  electron  in  the  dot  or  outside  the  dot  is  no 
longer  identical.  If  we  are  on  the  left  of  the  peak 
the  voltage  on  the  plunger  is  more  negative  so  the 
electron  spends  less  time  on  the  dot  and  the 
detector  becomes  more  positive.  The  potential  of 
the  dot  reflects  the  difference  between  the  charge 
on  the  dot  that  would  minimise  the  charging 
energy  and  the  percentage  time  an  electron  is  on 
the  dot.  In  the  case  of  extremely  narrow  conduc¬ 
tance  peaks,  this  can  lead  to  a  sawtooth  wave 
form  for  the  dot  potential  [10]. 

As  a  check  of  the  charging  energy  one  can 
measure  the  temperature  dependence  of  the  con¬ 
ductance  troughs  in  the  quantum  box  when  show¬ 
ing  CB.  From  a  plot  of  the  log  of  these  conduc¬ 
tance  minima  against  1/T,  the  two  activation 
energies  Wl  and  W2  can  be  deduced.  Where  Wx 
is  the  difference  between  the  Fermi  energy  in  the 
leads  and  the  next  available  state  in  the  dot,  and 


W2  is  the  energy  difference  between  the  highest 
states  in  the  dot  to  the  first  available  state  in  the 
leads.  The  total  conductance  is  given  by 
G  =  GX  exp(  -  WJkT)  +  G2  exp(  -  W2/kT), 

where  G12  are  the  conductances  through  the  dot 
due  to  the  two  levels.  The  Arrhenius  plot  of 
ln(G)  versus  1/T  gives  a  straight  line  with  an 
intercept  of  11.4  /xS  and  a  slope  with  an  activa¬ 
tion  energy  of  50  fxcV.  We  would  expect  a  value 
of  e2/2CE  =  250  ^eV  for  the  activation  energy 
and  a  value  of  twice  the  conductance  in  the  peaks 
for  the  intercept  of  12  fi S.  This  discrepancy  be¬ 
tween  e2/CL  and  the  activation  energy  has  been 
noted  before  [8],  and  may  be  due  to  co-tunneling. 
The  charging  energy  being  reduced  by  an  elec¬ 
tron  being  ejected  from  the  far  end  at  the  same 
time  as  an  electron  enters.  The  reduction  in  the 
energy  will  then  be  given  by  the  ratio  of  the 
tunneling  time  through  one  barrier  to  the  RC 
time  constant  for  the  dot. 

3.  The  detector  signal  when  the  conductance  in 
the  box  is  small 

By  continually  sweeping  the  plunger  voltage  to 
more  negative  values  the  capacitance  effect  on 
the  barriers  reduces  the  conductance  through  the 
dot,  until  it  can  no  longer  be  measured.  At  the 
same  time  the  oscillations  in  the  detector  become 
sharper  and  can  be  followed  for  a  further  110 
periods,  until  the  voltage  is  -4.05  V.  After  this 
point  the  signal  vanishes.  This  is  shown  in  Fig.  3. 
The  detector  has  to  be  reset  slightly  to  take  into 


Fig.  3.  The  detector  resistance  when  the  dot  conductance  is  immeasurably  small.  The  detector  resistance  is  reset  to  150  kfl 
whenever  it  is  driven  above  360  kH  by  the  capacitance  effect  of  the  plunger  on  the  detector.  The  insert  shows  the  development  of 
the  sawtooth  shape. 
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account  the  effect  of  the  plunger  on  the  detector. 
At  more  negative  voltages  the  oscillations  disap- 
pear  and  the  effect  of  the  plunger  on  the  detector 
becomes  greater  suggesting  the  dot  is  no  longer 
screening  it.  To  see  if  this  is  the  last  electron  in 
the  dot  we  must  estimate  the  likely  number  of 
electrons  to  start  with.  To  do  this  we  can  use  the 
Aharonov-Bohm-like  oscillations  seen  when  the 
conductance  is  greater  than  2e2/h.  These  occur 
when  a  magnetic  field  is  applied  such  that  Lan¬ 
dau  levels  are  formed  in  the  2DEG,  which  results 
in  edge  states  circulating  round  the  dot.  The 
conductance  then  oscillates  periodically  in  B  with 
a  period  of  h /eA,  where  A  is  the  area  of  the  box. 
The  measured  period  is  20  mT,  which  corre¬ 
sponds  to  an  area  of  2.1  X  10“ 13  m2  [9].  At  a 
constant  magnetic  field  similar  oscillations  are 
seen  as  the  plunger  voltage  Vpl  is  changed  alter¬ 
ing  the  area  by  dA.  As  we  have  a  value  for 
dVpl/dA  (3.3  X  1013  V  m-2  measured  from  the 
Aharonov-Bohm-like  oscillations)  and  dVpl/dN 
(12.2  mV  measured  from  the  Coulomb  blockade 
oscillations)  we  therefore  can  calculate  dN/dA, 
the  carrier  concentration  in  the  dot.  This  calcula¬ 
tion  results  in  a  value  of  2.57  X  10 15  m~2,  which 
is  20%  lower  than  the  sheet  carrier  concentration 
in  the  2DEG  away  from  the  gates.  When  this  is 
combined  with  the  calculated  area  of  the  dot  one 
obtains  532  for  the  number  of  electrons  in  the 
dot. 

From  these  estimates  we  can  deduce  that  the 
loss  of  signal  in  the  detector  is  not  due  to  the 
removal  of  the  last  electron,  but  must  be  due  to 
an  increase  in  the  barriers  to  the  dot  by  such  an 
extent  that  no  electrons  can  flow  within  the  time 
constant  of  the  measurement  of  the  detector.  It  is 
worth  noting  that  as  the  barriers  become  higher 
the  potential  measured  on  the  detector  becomes 
more  sawtooth  in  nature  reflecting  the  narrower, 
but  immeasurably  small  amplitude  conductance 
peaks. 


4.  Conclusion 

By  defining  a  quantum  box  in  one  circuit  and  a 
ballistic  constriction  in  another  nearby  circuit,  we 


have  been  able  to  use  the  constriction  biased  in 
the  tunneling  regime  as  a  non-invasive  voltage 
probe  of  single  electron  charging  on  the  dot.  The 
constriction  can  be  calibrated  to  an  accuracy  of 
50  fiV,  giving  a  value  of  500  fiV  for  the  charging 
energy  on  the  dot.  The  detector  can  still  be  used 
to  show  the  sawtooth  shape  of  the  potential,  even 
though  the  current  through  the  dot  is  immeasur¬ 
ably  small.  The  activation  energy  of  the  dot  is  a 
factor  of  five  smaller  then  the  measured,  and 
calculated  value  of  the  charging  energy  in  the 
dot.  This  may  be  a  result  of  co-tunneling  of 
electrons  through  the  dot. 
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Abstract 

We  have  recently  developed  a  spectroscopic  technique  which  allows  direct  measurement  of  quantum  energy 
levels.  The  method  is  based  on  observation  of  the  capacitance  signal  resulting  from  single  electrons  tunneling  into 
discrete  quantum  levels.  The  electrons  tunnel  between  a  metallic  layer  and  confined  states  of  a  microscopic 
capacitor  fabricated  in  GaAs.  Charge  transfer  occurs  only  for  bias  voltages  at  which  a  quantum  level  resonates  with 
the  Fermi  energy  of  the  metallic  layer.  This  creates  a  sequence  of  distinct  capacitance  peaks  whose  bias  positions 
directly  reflect  the  electronic  spectrum  of  the  confined  structure.  Using  this  “single-electron  capacitance  spec¬ 
troscopy”,  we  map  the  magnetic  field  dependence  of  the  ground  state  energies  of  a  single  quantum  dot  containing 
from  0  to  50  electrons.  Along  with  a  spectroscopic  measurement  of  the  dot’s  ground  states,  we  probe  tunneling  rates 
of  electrons  to  individual  quantum  states.  The  experimental  spectra  reproduce  many  features  of  a  noninteracting 
electron  model  with  an  added  fixed  charging  energy.  However,  in  detailed  observations  deviations  are  apparent: 
exchange  induces  a  two-electron  singlet-triplet  transition,  self-consistency  of  the  confinement  potential  causes  the 
dot  to  assume  a  quasi  two-dimensional  character,  and  features  develop  which  are  suggestive  of  the  fractional 
quantum  Hall  effect. 


Several  years  ago,  it  became  evident  that  semi-  terns.  Among  these  are  gated  resonant  tunneling 
conductor  technology  had,  at  least  in  one  sense,  devices  [2],  far  infrared  spectroscopy  [3,4],  con- 
began  to  touch  the  ultimate  limits  of  miniaturiza-  ventional  capacitance  studies  of  arrays  [5,6],  and 
tion.  Several  experiments,  such  as  the  resonant  photoluminescence  spectroscopies  [7].  Recently, 
tunnneling  system  of  Reed  et  al.  [1]  made  it  clear  two  techniques  have  been  developed  which  allow 

that  it  might  be  feasible  to  produce  a  “quantum  spectroscopic  study  of  the  ground  state  (GS)  en- 

dot  or  artificial  atom”  containing  as  few  as  one  ergies  in  individual  quantum  dots  with  a  resolu- 

electron.  Over  the  last  few  years,  many  other  tion  limited  only  by  the  temperature  of  the  elec- 

methods  have  been  developed  to  study  these  sys-  tronic  system  [8,9]. 

A  key  question  to  be  answered  by  spectro¬ 
scopic  studies  on  quantum  dots  is  the  role  of  the 
- -  electron-electron  interaction  in  modifying  the 

1  ^esenTaddress^Department  of  Physics,  Massachusetts  In-  dot’s  electronic  level  structure.  Bryant  [10]  has 
stitute  of  Technology,  Cambridge,  MA  02139,  USA.  addressed  this  question  for  quantum  dots  con- 

0039-6028 /94 /$07.00  ©  1994  Elsevier  Science  B.V.  All  rights  reserved 
SSDI  0039-6028(93 )E0646-C 


ELSEVIER  Surface  Science  305  (1994)  558-565 


R.C.  Ashoori  et  al.  /  Surface  Science  305  (1994)  558-565 


559 


taining  just  two  electrons.  He  finds  a  continuous 
evolution  of  the  level  structure,  from  single-par¬ 
ticle-like  states  in  the  limit  of  a  very  small  dot,  to 
a  level  structure  dominated  by  the  electron-elec¬ 
tron  interaction  in  larger  dots.  Since  the  confine¬ 
ment  potential  in  semiconductor  quantum  dots 
can  be  controlled  at  will,  a  large  range  of  this 
continuum  which  is  not  accessible  in  atomic 
physics  can  be  examined. 

In  the  presence  of  magnetic  field  ( B ),  the 
electron-electron  interaction  is  expected  to  af¬ 
fect  the  electronic  level  structure  of  a  quantum 
dot  in  interesting  ways.  For  instance,  Maksym 
and  Chakraborty  [11]  find  in  their  calculations 
that  electrons  in  their  GS  in  a  quantum  dot 
undergo  discrete  increases  of  angular  momentum 
of  several  h  as  B  is  increased,  reminiscent  of 
transitions  between  different  fractional  quantum 
Hall  states.  In  order  to  investigate  experimentally 
such  novel  phenomena,  we  have  undertaken  a 
high  resolution  study  of  the  GS  energy  levels  and 
tunneling  rate  spectra  of  a  single  quantum  dot  in 
magnetic  field. 

In  a  previous  paper  [8],  we  have  introduced 
single-electron  capacitance  spectroscopy  (SECS). 
The  method  allows  the  direct  measurement  of 
the  energies  of  quantum  levels  of  an  individual 
small  structure  (dot)  as  a  function  of  magnetic 
field  (£).  When  the  Fermi  energy  of  an  electrode 
becomes  resonant  with  a  quantum  level  of  a 
nearby  dot,  single  electrons  can  tunnel  back  and 
forth  between  the  electrode  and  the  dot  through 
a  tunnel  barrier  (see  Fig.  la)  The  resulting  charge 
induced  by  this  motion  on  the  opposite  electrode 
of  a  “tunnel  capacitor”  is  detected  by  an  on-chip, 
highly  sensitive  transistor.  Using  this  technique, 
we  were  able  to  detect  spatially  distinct  localized 
states  in  a  small  tunnel  capacitor.  We  now  use 
SECS  to  measure  the  GS  energies  of  a  single 
quantum  dot  containing  N  electrons  in  which 
charge  nucleates  in  only  one  central  location. 

To  measure  the  capacitance  signal  from  single 
electrons  moving  back  and  forth  across  the  tunnel 
barrier,  we  have  incorporated  our  device  into  a 
“bridge  on  a  chip”,  with  a  standard  capacitor  and 
detector  located  very  close  to  the  tunnel  capaci¬ 
tor.  As  a  detector,  we  use  a  cryogenic  high  elec¬ 
tron  mobility  transistor  (HEMT)  with  input  shunt 
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Fig.  1.  (a)  Schematic  of  sample,  (b)  Capacitance  data  vs.  gate 
bias  for  the  quantum  dot  sample  in  zero  magnetic  field.  The 
top  and  bottom  traces  show  the  signal  resulting  from  electron 
tunneling  in-phase  and  electron  tunneling  in  90°  lagging  phase 
with  the  210  kHz  excitation  voltage,  respectively. 


capacitance  of  ~  0.3  pF.  It  is  positioned  within  2 
mm  of  the  bridge.  We  mount  the  HEMT  with  its 
two-dimensional  electron  gas  parallel  to  the  mag¬ 
netic  field,  and  we  find  its  characteristics  practi¬ 
cally  unaffected  by  an  applied  field  in  this  geome¬ 
try. 

The  basic  configuration  of  our  GaAs  samples 
has  been  described  previously  [8],  although  the 
semiconductor  structure  has  been  slightly  modi¬ 
fied  for  the  present  experiments.  A  schematic  of 
the  sample  is  shown  in  Fij*.  la.  The  layer  se¬ 
quence  is  as  follows:  3000  A  n+-doped  (4  X  10 17 
cm-3)  GaAs  bottom  electrode;  600  A  undoped 
GaAs  spacer  layer;  125  A  undoped  Al03Ga0.7 
As/GaAs  superlattice  tunnel  barrier;  175  A 
quantum  well  (vertically  confines  the  quantum 
dot);  500  A  Al03Ga07As  blocking  barrier;  and  a 
300  A  GaAs  cap  layer.  The  blocking  barrier  con¬ 
tains  a  Si  delta  dopeQd  layer  200  A  from  the  well 
edge.  The  wide  600  A  spacer  layer  and  the  super¬ 
lattice  tunnel  barrier  [12]  were  implemented  to 
prevent  Si  atoms  from  migrating  into  the  well  [8]. 
Lateral  confinement  is  provided  by  first  pattern¬ 
ing  a  3500  A  diameter  circular  metallic  disk  on 
top  of  the  sample  surface  and  using  this  as  an 
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etch  mask  to  etch  down  to  the  AlGaAs  blocking 
barrier  surface.  The  3500  A  diameter  top  elec¬ 
trode  is  contacted  for  measurement  by  overlaying 
it  with  a  1.5  /xm  diameter  metal  disk.  All  mea¬ 
surements  are  taken  at  0.35  K. 

Fig.  lb  displays  capacitance  versus  gate  bias 
data  for  the  quantum  dot  sample.  The  top  trace  is 
the  signal  observed  in-phase  with  the  excitation 
voltage.  A  first  peak  appears  at  —373  mV  and 
arises  as  the  lowest  electronic  state  of  the  dot 
becomes  resonant  with  the  Fermi  energy  of  the 
n+  electrode.  With  increasing  positive  gate  bias, 
subsequent  electrons  tunnel  onto  the  quantum 
dot.  Unlike  our  previous  results  in  a  larger  dot, 
the  peaks  are  spaced  rather  uniformly,  with  their 
separation  decreasing  slightly  with  increasing 
electron  number.  The  constancy  of  the  peak 
heights  attests  to  the  quantization  of  charge  that 
is  being  moved  onto  the  dot. 


Beyond  the  25th  peak,  the  peak  heights  in  the 
top  trace  of  Fig.  lb  drop  due  to  a  decrease  in  the 
tunneling  rate.  This  interpretation  is  confirmed 
by  measuring  the  signal  at  the  dot  in  90°  lagging 
phase,  shown  in  the  bottom  trace  of  Fig.  lb, 
where  peaks  occur  only  for  N  >  25.  This  behavior 
is  unambiguous  evidence  that  the  tunneling  rate 
of  electrons  is  becoming  smaller  than  the  210  kHz 
excitation  frequency.  A  slow  tunneling  rate  causes 
an  electron  to  “wait”  a  length  of  time  before  it 
tunnels  in  response  to  the  excitation  voltage,  and 
its  motion  thus  lags  the  excitation.  The  present 
experiment  thus  allows  both  a  tunneling  rate 
spectroscopy  based  on  the  height  and  phase  of 
capacitance  peaks  as  well  as  an  energy  level  spec¬ 
troscopy  based  on  the  positions  of  the  peaks. 

We  have  developed  an  understanding  of  why 
the  tunneling  rates  decrease  in  these  samples 
with  increasing  electron  number  based  upon  stud- 


Magnetic  Field  (Tesla) 


Fig.  2.  Grey  scale  plots  of  the  sample  capacitance  as  a  function  of  both  magnetic  field  and  gate  bias.  The  vertical  bars  in  both  (a) 
and  (b)  represent  an  energy  of  5  meV.  The  dashed  line  follows  the  zero  point  energy  in  magnetic  field  for  a  free  electron,  ha)c/ 2. 
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ies  of  different  wafers  with  different  undoped 
spacer  layers  just  below  the  tunnel  barrier.  Briefly, 
the  geometry  of  our  samples  suggests  that  the 
tunneling  problem  can  be  separated  into  trans¬ 
verse  (in  the  plane  of  the  quantum  well)  and 
longitudinal  (in  the  direction  of  tunneling)  parts 
[13].  The  large  600  A  spacer  layer  acts  as  a  long 
and  low  ( <  20  meV  high)  tunnel  barrier.  As  the 
dot  fills  up  with  electrons,  their  bound  state  en¬ 
ergy  in  the  quantum  well  is  lowered  with  respect 
to  this  barrier,  reducing  the  tunneling  rate. 

The  regime  of  a  few  electrons  in  a  dot  has 
been  probed  by  relatively  few  experiments  [14]. 
We  now  use  SECS  in  5-field  to  study  this  domain 
with  unprecedented  resolution.  Fig.  2  is  a  grey 
scale  image  of  the  dot  capacitance  as  a  function 
of  gate  bias  and  5-field  applied  perpendicular  to 
the  plane  of  the  dot.  The  white  and  black  regions 
correspond  to  the  highest  and  lowest  capacitance, 
respectively.  The  gate  bias  scale  is  converted  to 
an  energy  scale  [8]  by  division  by  a  lever-arm  of 
2.0  ±0.1  for  this  structure.  This  lever-arm  was 
determined  from  capacitance  measurements  on 
large  area  mesas  made  on  the  same  wafer. 

Fig.  2  represents  the  5-field  evolution  of  the 
first  35  A- electron  GS  energies  of  the  quantum 
dot.  The  field  dependence  of  the  lowest  energy 
state  in  Fig.  2a  is  smooth  and  is  well  described  by 
the  first  electron  in  a  cylindrically  symmetric 
parabolic  potential  [15]  \ m*(i>lr 2  with  ho)0  =  5A 
meV.  The  high  field  asymptote  of  this  curve 
follows  the  dashed  line  in  Fig.  2a  with  slope 
ha)c/ 2.  From  the  classical  turning  points  of  the 
lowest  bound  state  we  deduce  a  dot  diameter  of 
408  A. 

In  contrast  to  the  first  electron,  the  evolution 
of  the  ground  state  energy  of  two  electrons  shows 
a  pronounced  “bump”  and  a  change  of  slope  at 
about  1.5  T  (see  dot  on  2nd  electron).  We  inter¬ 
pret  this  feature  as  a  singlet-triplet  crossing. 
Considering  noninteracting  states,  the  first  two 
electrons  in  the  dot  fall  into  a  two-fold  (spin) 
degenerate  ground  state  for  5  =  0.  At  higher 
field,  the  energy  difference  between  the  ground 
orbital  state  and  the  first  excited  state  shrinks, 
and  the  Zeeman  effect  causes  a  level  crossing  at 
25  T  for  ho)Q  =  5.4  meV. 

Electron-electron  interactions  significantly  re¬ 


duce  the  5-field  for  this  singlet-triplet  crossing. 
Wagner,  Merkt,  and  Chaplik  [16]  have  calculated 
its  position  for  parabolic  quantum  dots.  For  ha)Q 
=  5.4  meV,  the  crossing  is  expected  at  3.6  T, 
about  a  factor  of  2  higher  than  seen  in  Fig.  2a. 
The  discrepancy  may  arise  from  the  assumption 
of  a  strictly  parabolic  potential  in  the  calculation. 
Such  a  singlet-triplet  crossing  has  not  been  ob¬ 
served  in  atomic  physics  experiments  due  to  the 
exceedingly  high  5-field  required  (4  X  10 5  T  for 
He).  The  weak  binding  of  electrons  in  our  quan¬ 
tum  dot  along  with  the  small  electronic  mass 
shifts  it  to  attainable  fields. 

The  singlet-triplet  crossing  should  exist  even 
in  the  absence  of  a  Zeeman  splitting,  arising  solely 
from  the  electron-electron  interaction  [16].  The 
angular  momentum  quantum  number  m  of  the 
two  electrons  in  the  ground  state  increases  with 
5,  being  equal  to  zero  only  at  low  field  [11,16]. 
The  energy  difference  between  single-particle 
states  of  progressively  larger  angular  momenta 
decreases  with  increasing  5;  in  higher  fields,  it 
becomes  advantageous  for  the  system  to  place 
electrons  in  states  of  successively  higher  angular 
momenta  (larger  orbit  radii)  in  order  to  decrease 
the  Coulomb  repulsion  between  electrons.  To 
maintain  exchange  antisymmetry  of  the  two-elec¬ 
tron  wavefunction,  the  system  undergoes 
singlet-triplet  (triplet-singlet)  crossings  as  m 
switches  from  even  (odd)  to  odd  (even)  numbers. 

The  Zeeman  energy  moves  the  first  singlet- 
triplet  crossing  to  yet  lower  fields.  Moreover,  at 
higher  fields  the  Zeeman  effect  may  force  for  the 
system  to  remain  in  a  spin  triplet,  allowing  only 
transitions  between  odd  m  states.  For  our  GaAs 
dot,  the  nature  of  transitions  beyond  the  initial 
singlet-triplet  crossing  depends  sensitively  on  the 
value  of  h(o0  for  the  dot  as  well  as  on  the  precise 
shape  of  the  bare  confining  potential.  These  tran¬ 
sitions  cause  smaller  changes  of  slope  in  the 
two-electron  GS  energy,  and  we  do  not  attempt 
to  label  them  here. 

The  data  of  Fig.  2a,  display  several  unexpected 
features.  The  bump  seen  in  the  GS  energy  of  the 
two-electron  system  seems  to  progress  through 
the  few-electron  system  (white  dots).  Its  position 
shifts  monotonically  to  higher  fields  with  increas¬ 
ing  N,  producing  a  clear  “ripple”  through  the 
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Fig.  3.  Theoretical  Darwin-Fock  states  for  a  parabolic  quan¬ 
tum  dot  with  h(o0  =  1.12  meV  (dotted  curves).  The  bold  solid 
curve  displays  the  magnetic  field  evolution  of  the  35th  elec¬ 
tron. 


data  set.  It  seems  likely  that  these  features  are 
also  spin  related.  Finally,  selected  traces  of  Fig. 
2a  show  a  distinct  intensity  loss  with  increasing  B 
resulting  from  an  unexplained  decreased  tunnel¬ 
ing  rate.  At  a  lower  excitation  frequency  (65  kHz 
rather  than  210  kHz),  all  capacitance  peaks  con¬ 
tinue  smoothly  to  our  maximum  field  of  10.8  T, 
except  at  N  =  2,  for  which  the  tunneling  rate 
drops  precipitously  at  8  T. 

Fig.  2b  shows  the  ground  state  energies  of  the 
dot  for  N  =  6-35  on  an  expanded  field  scale.  In 
order  to  interpret  the  general  features  of  this 
data  set,  we  turn  first  to  Fig.  3.  This  graph 
reproduces  the  highly  intertwined  single-particle 
states  of  a  cylindrically  symmetric  parabolic  po¬ 
tential  with  ha)0  =  1.12  meV  in  a  5-field.  N  elec¬ 
trons  in  this  system  fill  the  N  lowest  energy 
states.  The  GS  energy  of  the  TVth  electron  should 
thus  oscillate  as  levels  cross  as  indicated  in  bold 
for  the  35th  electron  GS.  The  oscillations  cease 
at  about  2  T. 

In  magnetic  field,  Landau  level  structure  de¬ 
velops  in  the  dot.  Because  the  density  is  higher 
near  the  dot  center  than  at  the  edges,  and  in 
magnetic  field,  levels  of  larger  Landau  index  v 
may  be  filled  there  rather  than  at  the  dot  edge. 
As  the  field  is  increased,  the  degeneracy  of  the 
lower  v  levels  increases,  and  electrons  move  from 
the  higher  v  states  at  the  dot  center  to  the  lower 
v  states  which  become  available  at  the  dot  edge. 


Taking  the  Landau  level  index  v  for  the  dot  to  be 
given  by  the  Landau  level  occupancy  at  the  dot 
center,  the  position  of  the  last  crossing  in  Fig.  3 
can  thus  be  identified  with  v  =  2.  At  this  field,  all 
electrons  have  moved  into  the  lowest  Landau 
level,  and  at  the  dot  center,  there  are  two  elec¬ 
trons  (one  spin  up  and  one  spin  down)  per  flux- 
quantum  passing  through  the  dot. 

In  order  to  incorporate  the  electron-electron 
interaction  to  lowest  order  into  this  picture,  we 
follow  the  constant  interaction  (Cl)  model 
[9,17,18].  It  consists  of  single-particle  states  each 
separated  by  a  magnetic  field  independent  charg¬ 
ing  energy.  In  Fig.  2b,  the  development  of  the 
v  =  2  positions  are  clearly  visible  (white  triangles). 
Beyond  N  =  10,  the  v  —  2  positions  for  each  suc¬ 
cessive  electron  agree  well  with  the  Cl  model 
using  a  constant  hco0  =  1.12  meV.  Curiously,  the 
tunneling  rates  are  attenuated  around  v  =  2  at 
large  N.  At  v  =  2,  the  electrons  in  the  dot  center 
are  in  a  quantum  Hall  state,  and  we  speculate 
that  tunneling  suppression  arises  from  the  incom¬ 
pressibility  of  this  state. 

Fig.  4  zooms  in  on  the  v  =  2  region  for  N  = 
21-33.  These  data  are  taken  at  125  kHz  to  achieve 
well  developed  capacitance  peaks.  The  oscilla¬ 
tions  expected  from  the  Cl  model  are  clearly 
visible.  Although  the  qualitative  agreement  be¬ 
tween  experiment  and  the  simple  model  of  Fig.  3 
is  satisfying,  there  exist  some  remarkable  differ¬ 
ences:  oscillations  in  the  GS  energy  appear  only 
very  close  tov  =  2,  and  GS  energies  drop  abruptly 
as  the  field  is  increased  beyond  v  =  2.  While  we 
presently  have  no  explanation  for  the  existence  of 
oscillations  only  close  to  the  v  =  2  region  and 
their  relative  phases,  we  believe  that  the  energy 
drop  beyond  v  =  2  is  related  to  the  nonparabolic- 
ity  of  the  self-consistent  potential. 

Hartree  calculations  [19]  show  that  the  bottom 
of  the  dot’s  confinement  potential  is  “ flattened” 
considerably  by  the  presence  of  electrons,  and  in 
the  interior  can  be  considered  as  a  small  two-di¬ 
mensional  (2D)  system.  In  a  2D  system  there  exist 
well  known  sudden  drops  in  the  chemical  poten¬ 
tial  as  Landau  levels  depopulate  in  5-field.  As  N 
is  increased  the  dot  approaches  a  2D  system, 
giving  rise  to  the  enhanced  chemical  potential 
drop  at  v  =  2  seen  in  our  data. 
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Fig.  4.  Grey-scale  capacitance  data  for  N  =  21-33.  The  dat? 
set  zooms  in  on  the  v  =  2  region. 


The  identification  of  the  v  =  2  position  allows 
us  to  determine  the  size  of  the  dot,  calculate  its 
charging  energy  and  compare  it  with  the  observed 
gate  bias  spacing  between  successive  electrons 
[17].  Since  for  large  N  the  potential  around  the 
dot  center  is  approximately  constant,  we  can  de¬ 
fine  a  capacitance  of  the  dot  to  external  elec¬ 
trodes.  With  capacitances  Ctop  and  Cbott  of  the 
dot  to  the  top  and  bottom  plates,  respectively,  the 
electrostatic  lever-arm  is  (Cbott  +  Ctop)/Cbott.  Ig- 
noring  the  comparably  small  quantum  level  spac- 
ings,  successive  electron  additions  occur  when  the 
electrostatic  potential  in  the  dot  changes  by  an 
amount,  e/(Ctop  +  Cbott).  Accounting  for  the 
lever-arm,  electron  additions  are  spaced  by  e/Ctop 
in  gate  bias. 

In  a  dot  with  a  flat-bottom  potential,  the  area 
of  the  dot  A  is  related  to  the  Landau  level  filling 
fraction  v  by  A  =  N(h/eBv).  For  the  30th  elec¬ 


tron,  v  =  2  occurs  at  about  2.2  T,  which  translates 
into  a  dot  diameter  of  1900  A.  Assuming  parabolic 
confinement  with  h(oQ  =  1.1  meV  rather  than 
flat-bottom  confinement  decreases  the  dot  area 
by  only  2%.  A  simple  parallel  plate  capacitor 
model  neglecting  fringing  fields  yields  e /Ctop  = 

4.2  mV,  only  ~  25%  larger  than  the  measured 
gate  bias  spacing  of  3.3  mV  between  capacitance 
peaks.  The  dot  sizes  determined  this  way  com¬ 
pare  very  well  with  sizes  calculated  using  our  own 
classical  relaxation  method  [20]  computer  simula¬ 
tions.  An  alternate  way  of  determining  the  dot 
size  is  by  looking  at  Fig.  4  and  noting  that  each 
oscillation  seen  here  corresponds  to  adding  an 
additional  flux  quantum  to  the  dot  [21].  The  size 
of  the  dot  determined  from  the  oscillation  period 
is,  to  within  experimental  error,  the  same  as  that 
determined  above. 

As  we  move  to  yet  higher  N ,  approaching  the 
2D  limit,  additional  features  become  apparent  in 
our  spectra.  Fig.  5,  taken  at  125  kHz,  displays  the 
chemical  potentials  of  the  dot  containing  33-50 
electrons.  Similar  to  Fig.  4,  we  observe  the  steep 
drop  in  chemical  potential  at  5-fields  just  beyond 
v  =  2  (at  about  2.3  T  for  N  =  33).  The  same 
behavior  is  now  apparent  at  v  =  4  (at  about  1.2  T 
for  N  =  33).  We  attribute  the  accentuation  of 
these  features  to  the  increasingly  2D  character  of 
the  system  at  high  filling.  A  more  precise  under¬ 
standing  of  the  chemical  potential  steps  will  re¬ 
quire  a  self-consistent  calculation  of  the  dot’s 
edges  [22]. 

Pursuing  further  the  transition  between  a 
quantum  dot  and  a  finite-sized  2D  electron  sys¬ 
tem,  we  now  examine  the  region  v  <  2  at  B  above 
4  T.  We  observe  a  sequence  of  “bumps”  shifting 
only  slightly  to  higher  B  with  higher  N.  These 
features  are  inexplicable  in  terms  of  any  Cl  model 
which  all  predict  that  successive  traces  oscillate 
180°  out  of  phase  [9,18].  We  note  also,  that  unlike 
the  predictions  of  a  single  particle  model  which 
predicts  features  with  a  periodicity  of  one  flux 
quantum  through  the  dot,  the  bumps  seen  in  the 
v  <  2  regime  have  a  periodicity  of  about  three 
flux  quanta.  We  hypothesize  that  the  bumps  seen 
in  Fig.  5  are  of  many-particle  origin  reminiscent  1 
of  the  fractional  quantum  Hall  effect  (FQHE).  In 
the  FQHE  the  chemical  potential  of  the  system 
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Fig.  5.  Sample  capacitance  as  a  function  of  gate  bias  and 
magnetic  field  for  TV  -  33  (lowest  full  trace)  up  to  50.  The 
vertical  bar  represents  an  energy  of  5  meV. 


undergoes  maxima  between  FQHE  steps  and 
minima  at  the  steps  [23].  The  features  seen  in  Fig. 
5  are  0.2-0.5  meV  in  height,  not  unlike  the 
characteristic  energy  range  of  the  FQHE  at  such 
5-fields.  Moreover,  the  decrease  in  tunneling 
rates  (intensity)  between  the  bumps,  may  reflect 
the  energy  gaps  in  the  FQHE.  These  features 
grow  monotonically  in  prominence  as  more  elec¬ 
trons  are  added  to  the  dot,  suggesting  a  two-di¬ 
mensional  origin.  The  size  and  distribution  of  the 
electron  density  within  the  dot  vary  with  5-field, 
and  it  is  thus  difficult  to  assign  a  precise  value  of 
v  at  dot  center  for  fields  beyond  v  =  2.  Finally, 
given  the  nonuniformity  of  the  electron  density, 
we  expect  the  electron  gas  to  form  incompressible 
and  compressible  regions,  with  the  FQHE  chemi¬ 
cal  potential  minima  occurring  with  the  central 


portion  of  the  dot  at  a  i/  value  appropriate  for 
the  FQHE  [24]. 

We  note  that  at  high  magnetic  fields,  for  all 
electron  numbers,  tunneling  rates  tend  to  be  sup¬ 
pressed.  This  effect  appears  analogous  to  an  ob¬ 
served  tunneling  suppression  in  the  two-dimen¬ 
sional  electron  gas  [25].  In  that  case,  the  suppres¬ 
sion  arises  as  a  zero-bias  anomaly  which  develops 
due  to  a  magnetic  field  induced  Coulomb  gap. 
We  speculate  that  a  similar  phenomenon  is  oc¬ 
curring  here,  although  a  detailed  study  of  the 
temperature  and  excitation  dependence  of  the 
tunneling  suppression  will  be  required  to  confirm 
this  hypothesis. 

In  summary,  SECS  has  permitted  a  detailed 
survey  of  the  N-electron  ground  states  of  a  quan¬ 
tum  dot  in  magnetic  field.  There  are  several 
salient  features  of  the  data  set.  We  observe  the 
singlet- triplet  transition  in  the  two  electron  dot. 
An  unusual  “ripple”  is  seen  to  run  through  the 
data  for  fewer  than  10  electrons  in  the  dot,  and  it 
appears  that  the  ripple  is  caused  by  correlations 
between  spin-flips  in  the  dot  containing  different 
numbers  of  electrons.  Anomalous  behavior  is  seen 
in  both  the  ground  state  energies  and  the  tunnel¬ 
ing  rates  to  the  dot  around  integer  Landau  level 
filling  fractions.  Finally,  features  appear  at  high 
magnetic  field  and  large  electron  number  which 
are  suggestive  of  the  development  of  the  FQHE. 

We  thank  S.J.  Pearton  for  help  preparing  the 
quantum  dots  and  L.I.  Glazman,  P.  Hawrylak, 
P.A.  Lee,  A.H.  MacDonald,  B.I.  Shklovskii,  and 
N.  Wingreen  for  helpful  discussions. 
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Abstract 

We  report  magnetotunneling  in  a  double-barrier  resonant  tunneling  nanometer  device  in  the  single-electron 
charging  regime,  in  particular  for  the  case  of  two  electrons  in  the  well.  Sharp  rising  steps  appear  in  current-voltage 
characteristics,  the  Nth  step  appearing  at  a  voltage  VN  when  the  Coulomb  blockade  for  tunneling  of  Nth  electron 
into  the  well  is  overcome.  The  first  current  step  width  is  =  V2  —  Vl  (the  second  step  width  is  AF2  =  V3  —  V2), 
corresponding  to  the  difference  of  energies  required  for  having  two  (three)  electrons  and  having  one  (two) 
electron(s)  in  the  well.  As  a  function  of  magnetic  field,  we  observe  to  exhibit  upward  cusps,  while  (SV2  exhibits 
downward  cusps  at  the  same  magnetic  field.  Such  behavior  is  expected  to  manifest  the  spin  singlet-triplet  transitions 
of  the  two-electron  state  confined  in  a  quantum  dot. 


1.  Introduction  current  reflects  resonant  tunneling  of  just  one 

electron  at  a  time  through  size-quantized  well 
Quantum  dots  fabricated  from  double-barrier  states;  the  current  peaks  and/or  steps  (depend- 

resonant  tunneling  structures  (DBRTS)  have  their  ing  on  device  parameters)  appear  in  current-volt- 

uniqueness  in  studying  electron  transport  both  in  age  characteristics  ( I-V  curves).  When  the  emit- 

the  size  quantization  regime  and  in  the  single-  ter  barrier  is  more  transparent  than  the  collector 

electron  charging  regime.  By  utilizing  asymmetric  barrier,  electrons  accumulate  in  the  well;  the 

DBRTS,  single-electron  charging  effects  may  be  total  number  of  electrons  in  the  dot  increases 

largely  separated  from  those  due  to  size  quantiza-  with  bias  in  increments  of  one,  starting  from  zero , 

tion.  Recently,  we  have  reported  the  observation  up  to  35  in  one  device  [2,3],  all  electrons  are 

of  single-electron  charging  in  nanometer  DBRTS  “extra”. 

devices  [1-3].  The  heterostructure  material  is  Incremental  electron  occupation  of  the  well 

asymmetric  with  one  barrier  much  less  transpar-  leads  to  sharp  steps  of  the  tunneling  current,  the 

ent  than  the  other.  When  the  emitter  barrier  is  Nth  step  appears  at  a  voltage  VN  when  the 

less  transparent  than  the  collector  barrier,  the  Coulomb  blockade  for  tunneling  of  the  Nth  elec¬ 

tron  into  the  well  is  overcome.  We  find  that  the 
energy  for  adding  the  first  electron  is  much  dif- 
*  Corresponding  author.  ferent  from  that  needed  to  add  the  second  elec- 
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tron,  and  the  energy  for  the  second  electron  is 
different  from  that  for  the  third.  This  is,  in  part, 
because  the  intrawell  electron-electron  interac¬ 
tion  energy  per  electron  depends  on  the  total 
number  of  electrons  in  the  dot  and,  in  part, 
because  of  the  different  spatial  extent  of  electron 
distributions  for  different  size-quantized  well 
states.  In  this  presentation,  we  report  an  experi¬ 
mental  study  of  single-electron  charging  as  a 
function  of  magnetic  field,  in  particular  when 
there  are  two  electrons  in  the  well.  Electron- 
electron  interaction  and  the  Pauli  exclusion  prin¬ 
ciple  lead  to  spin  singlet-triplet  transitions  of  the 
ground  state  of  two  electrons  as  a  function  of 
magnetic  field  [1,3]. 


Devices  of  nominal  diameter  D  =  0.5-3  jum 
were  defined  by  electron  beam  lithography  and 
wet  chemical  etching.  As  discussed  elsewhere  [4], 
the  “electrical  size”  of  devices  is  smaller  than  D 
by  about  350  nm  because  of  etching  undercut  and 
surface  depletion,  as  illustrated  in  Fig.  1.  Areas 
unexposed  to  the  electron  beam  define  devices  so 
that  possible  electron  bombardment  damage  of 
the  GaAs  material  is  minimized.  More  details  of 
the  fabrication  process  can  be  found  in  Ref.  [3]. 
Measurements  were  done  in  a  top-loading  dilu¬ 
tion  refrigerator  with  the  sample  immersed  in  the 
mixture.  The  I-V  curves  of  the  devices  were 
measured  using  a  very-low-noise  voltage  source 
biasing  circuit. 


2.  Samples  and  experimental 

Our  DBRTS  material  was  grown  by  molecular 
beam  epitaxy.  The  active  layer  consists  of  a  9  nm 
GaAs  well  sandwiched  between  a  10  nm 
Alo.34Ga0  66As  barrier  and  a  11.5  nm  Al036Ga0  64 
As  barrier  (substrate  side).  The  GaAs  emitter 
and  collector  electrodes  are  Si-doped  to  2X  10 17 
cm-3;  nominally  undoped  spacers  of  10  and  8  nm 
are  inserted  before  and  after,  respectively,  the 
double-barrier  region  in  order  to  limit  Si  concen¬ 
tration  in  the  well.  The  wafer  has  a  100  nm 
non-alloyed  Al  ohmic  contact  grown  in  situ,  so 
that  no  heat  treatment  of  the  devices  was  needed. 
The  double-barrier  region  is  ~  300  nm  below  the 
surface  of  the  wafer. 


3.  Theory 

Wagner,  Merkt  and  Chaplik  [5]  have  calcu¬ 
lated  the  energy  levels  of  two  electrons  in  a  2D 
parabolic  confining  potential  as  a  function  of 
magnetic  field  B  in  GaAs.  They  found  that  the 
electron-electron  interaction  and  the  Pauli  exclu¬ 
sion  principle  lead  to  spin  singlet  and  triplet 
transitions  of  the  ground  state  of  two  electrons  in 
quantum  dots  as  a  function  of  magnetic  field.  The 
angular  momentum  mh  of  the  ground  state  of 
two  electrons,  where  m  is  an  integer,  increases, 
as  magnetic  field  is  increased,  as  to  reduce  elec¬ 
tron-electron  interaction  energy.  A  higher  angu¬ 
lar  momentum  means  higher  rotational  energy; 
on  the  other  hand,  the  average  distance  between 


Fig.  1.  (a)  Cross  section  of  a  nanometer  DBRTS  device;  the  metal  ohmic  contact  has  diameter  D,  and  the  two  barriers  are 
represented  as  two  horizontal  lines,  (b)  The  double-barrier  region  expanded  vertically  by  a  factor  of  ten.  Dotted  regions  are  doped 
intentionally;  large  dots  represent  unintentional  donors,  and  the  dashed  lines  give  an  equipotential  resulting  from  the  GaAs  surface 
depletion. 
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the  two  electrons  is  increased  and  Coulomb  en¬ 
ergy  is  smaller.  As  a  result  of  the  competition  of 
the  two  energies,  the  ground  states  in  the  se¬ 
quence  of  ra  =  0,  -1,  -2,  -3,  ...  appear  as  B 
is  increased.  Since,  according  to  the  Pauli  exclu¬ 
sion  principle,  the  total  spin  of  two  electrons  is 
2[l-(-l)m],  this  leads  to  an  alternating  se¬ 
quence  of  singlet  and  triplet  ground  states.  The 
^-fields  at  which  singlet-triplet  transitions  occur 
depend  on  the  dot  size  (curvature  of  the  confin¬ 
ing  potential). 

At  low  B ,  the  spin  singlet  m  =  0  state  has 
lower  energy.  As  B  increases,  this  energy  rises, 
while  the  energy  of  the  m  =  - 1  spin  triplet  state 
drops.  At  certain  B ,  these  two  states  cross,  form¬ 
ing  an  upward  cusp.  At  yet  higher  B ,  such  sin¬ 
glet-triplet  crossings  form  a  series  of  upward 
cusps.  If  the  ground  state  energy  of  the  two 
electrons  in  a  quantum  dot  could  be  measured 
experimentally  as  a  function  of  B ,  a  series  of 
upward  cusps  should  appear  on  an  otherwise 
smooth  curve  and  the  upward  cusps  indicate  the 
transitions  between  the  spin  singlet  and  triplet 
states. 


4.  Results  and  discussion 

The  I-V  curve  of  the  nanometer  device  in  the 
positive  bias  reflects  the  one-electron-at-a-time 
tunneling  through  an  increasing  number  of  size- 
quantized  well  states  [3].  We  model  the  depletion 
potential  in  the  plane  of  the  dot  as  a  2D  parabolic 
well  so  that  the  single-electron  energy  spectrum  is 
given  by  EM  =  ho)0(M  +  1).  We  obtain  h(o0  =  4 
meV  from  the  magnetotunneling  data  [3],  Both 
magnetotunneling  data  [3]  and  a  Hartree  numeri¬ 
cal  calculation  [6]  suggest  that  a  parabolic  poten¬ 
tial  models  the  confining  potential  well. 

We  will  focus  our  attention  on  the  negative 
bias  of  the  device  when  the  collector  barrier  is 
less  transparent  than  the  emitter  barrier.  Fig.  2 
shows  magnetotunneling  I-V  curves  taken  with 
magnetic  field  applied  parallel  to  the  tunneling 
direction  (perpendicular  to  the  barriers).  Up  to 
six  or  seven  steps  can  be  seen  in  the  data  of  Fig. 
2.  After  overcoming  the  Coulomb  blockade,  the 
lowest  well  state  is  occupied  most  of  the  time.  In 
contrast  to  the  positive  bias,  even  though  the  only 
tunneling  electron  can  tunnel  through  several  of 


NEGATIVE  BIAS  (mV) 


NEGATIVE  BIAS  (mV) 


Fig.  2.  Magnetotunneling  data  versus  negative  bias  at  20  mK.  The  curves  shown  were  taken  every  0.5  T  in  the  left  field  and  every 
0.3  T  in  the  right  field,  and  are  offset  vertically  by  15  pA.  Each  current  step  corresponds  to  an  increase  by  one  in  the  number  of 
electrons  in  the  well  ( Nw  =  0  at  low  bias). 
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the  lowest  well  states,  after  the  first  current  step 
the  current  stays  nearly  constant  until  it  is  ener¬ 
getically  possible  to  have  two  electrons  in  the  well 
at  the  same  time,  when  the  second  step  occurs. 
Similarly,  each  subsequent  current  step  occurs 
when  it  is  energetically  possible  to  have  one  more 
electron  in  the  well.  Thus,  the  l-V  curves  of  Fig. 
2  reflect  single-electron  charging  of  the  well  by  an 
incrementally-increasing  number  of  electrons  dy¬ 
namically  stored  in  the  well.  We  define  AVN  as 
the  voltage  extent  of  the  Nth  current  step  in  the 
negative  bias,  corresponding  to  the  number  of 
electrons  in  the  well  equal  to  Nw.  As  discussed 
before,  each  step  in  the  “staircase”  corresponds 
to  increase  of  Nw  by  one,  starting  from  zero.  If 
the  total  energy  of  the  Nw  many-electron  state  is 
denoted  as  EN,  then  the  change  in  energy  re¬ 
quired  to  add  Nwth  electron  is  (A E)N  =  EN- 
EN_i;  this  corresponds  to  the  voltage  VN ,  when 
the  Nth  step  occurs.  Therefore,  AVN=(VN+1  ~ 
VN)  corresponds  to  (AE)N+1  -  (AE)N  =  EN+l - 
2En  +  En_v  A  step  width  AVN  thus  corresponds 
to  the  change  in  total  energy  required  for  adding 
the  (Nw  +  l)th  electron  into  the  well.  The  first 
width,  AVX,  gives  the  energy  difference  between 
having  just  one  and  having  two  electrons  in  the 
well;  the  second  width,  AV2,  gives  the  energy 
difference  between  having  two  and  three  elec¬ 
trons  in  the  well;  thus  we  have  AVX  =  a(E2  —  2E1) 
and  AV2  =  a(E3  -  2 E2  +  Ex\  where  a  is  the  en- 
ergy-to-bias  conversion  coefficient  ( a  =  3.7 
mV/meV  for  this  device  as  determined  from 
thermal  activation,  see  Ref.  [3])  and  EN  is  the 
lowest  total  energy  required  to  have  Nw  elec¬ 
trons  in  the  well,  including  the  many-body  kinetic 
energies  and  many-electron  Coulomb  energies, 
both  charging  and  intrawell.  In  Fig.  3,  we  plot 
AVX  and  AV2  as  a  function  of  B. 

There  are  two  possible  spin  states  when  there 
are  two  electrons  in  the  well:  spin  singlet  and  spin 
triplet.  At  zero  B ,  the  singlet  state  has  lower 
energy  than  the  triplet  state;  at  some  B ,  the 
Sz  =  - 1  triplet  state  crosses  the  Sz  =  0  singlet 
state  [1].  Experimentally,  we  observe  evidence  for 
the  splitting  of  the  second  current  step  into  two 
substeps  in  the  I-V  curve  in  the  negative  bias 
(with  more  or  less  clarity  for  different  devices, 
Refs.  [1-3]);  following  our  work,  this  phe- 


MAGNETIC  FIELD  (T) 

Fig.  3.  The  voltage  extent  of  the  first  two  current  steps  in  the 
negative  bias,  /SVl  and  AK2,  as  a  function  of  B.  Three  upward 
and  downward  cusps  in  AV1  and  AK2,  respectively,  occur  at 
roughly  the  same  B,  marking  the  transitions  of  spin  singlet- 
triplet  states  of  two  electrons.  The  bias-to-energy  conversion 
is  0.27  meV/mV  [3]. 

nomenon  was  modeled  theoretically  by  Chen  and 
Ting  [7].  The  first  crossing  of  the  triplet  and 
singlet  states  occurs  at  B  =  2.7  ±  0.3  T.  This 
crossing  is  reflected  as  cusps  in  AVX  and  AV2  at 
the  same  B  in  Fig.  3:  an  upward  cusp  in  AVX  and 
a  downward  cusp  in  AV2.  In  addition,  at  higher 
B,  there  are  two  more  cusps  in  AVX  and  AV2, 
upward  and  downward,  respectively,  at  about  the 
same  B:  one  at  8.0  ±  0.5  T  and  another  at  12  ±  1 
T. 

Both  AVl  and  AV2  contain  E2,  with  plus  in 
AVX  and  minus  in  AV2.  Therefore,  the  upward 
cusps  in  E2  are  reflected  as  upward  cusps  in  AVl 
and  downward  cusps  in  AV2  so  long  as  E3  and 
Ex  are  smooth  functions  of  B .  The  ground  state  is 
unique.  For  one  electron  in  the  well,  Ex  is  a 
smooth  function  of  B.  For  three  electrons,  one 
would  expect  many  transitions  between  different 
total  angular  momentum  states  on  a  much  smaller 
energy  scale  [8],  less  than  what  can  be  resolved  in 
our  experiments.  This  is  evidenced  by  the  fact 
that  in  the  AV2  data  in  Fig.  3  no  other  clear  cusps 
are  seen  except  the  three  also  present  in  the  AVX 
data.  Thus,  we  treat  E3  as  a  smooth  function  of 
B.  From  the  numerical  calculations  of  Ref.  [5], 
the  values  of  B  at  which  spin  singlet-triplet  tran¬ 
sitions  occur  for  ho)0  =  4  meV  and  Lande  factor 
g  *  =  -  0.44  are  2.8  ±  0.2  T,  8.5  ±  0.5  T  and  9.9  ± 
0.5  T.  They  are  in  a  reasonable  agreement  with 
the  experimental  values. 
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As  expected,  AVl  is  greater  than  AV2  because 
the  Coulomb  repulsion  per  electron  is  greatest 
for  two  electrons  in  the  well.  Screening  by  the 
electrodes  reduces  the  Coulomb  energy.  For  elec¬ 
tron  concentration  in  the  electrodes  nE  =  2  X  10 17 
cm-3,  the  screening  length  is  ~n^3=  15  nm. 
This  length  is  in  addition  to  the  barrier  thickness 
of  about  10  nm,  the  screening  charges  would  be 
about  A  =  25  nm  away  from  the  electrons  in  the 
well.  The  in-plane  separation  of  electrons  in  the 
well  is  on  the  order  of  a/2  =  (2ft/m*w0)1/2,  on 
average;  for  ho)0  =  4  meV  and  Nw  =  2,  a/2  =  24 
nm.  Thus  the  separation  of  electrons  in  the  well 
and  the  distance  to  the  screening  charges  are 
comparable.  An  estimation  of  the  expectation 
value  of  the  two-electron  repulsion  energy,  cut 
off  for  electron  separations  greater  than  A,  shows 
that  the  screening  reduces  the  bare  repulsion  by  a 
factor  of  2  ±  0.5  (for  Nw  =  2)  for  the  parameters 
of  this  device.  Even  though  the  two-electron  re¬ 
pulsion  is  screened  by  the  electrodes,  it  still  plays 
an  important  role  in  determining  the  energy  of 
the  two-electron  ground  state;  for,  if  the  two- 


electron  repulsion  was  totally  screened,  no  spin 
singlet-triplet  transitions  would  occur  and  the 
spin  singlet  state  would  remain  as  the  ground 
state  as  B  is  swept. 
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Abstract 

We  have  calculated  the  self-consistent  electronic  structure,  in  a  magnetic  field  B,  for  a  lateral  quantum  dot 
patterned  electrostatically  on  a  GaAs/AlGaAs  heterostructure  for  N ,  the  number  of  electrons  in  the  dot,  of  order 
100.  We  have  derived  an  expression  for  the  dot-contact-gates  system  free  energy  which  is  expressed  in  terms  of  the 
self-consistent  electrostatic  potential  0  and  electron  energy  levels  sp ,  both  of  which  are  functions  of  N ,  B  and  gate 
voltage  Vg.  The  self-consistent  calculation  results  are  also  employed  to  compute  the  elements  of  the  device 
capacitance  matrix.  The  magneto-spectrum  shows  a  significant  variation  with  N ,  in  contrast  to  the  constant 
interaction  model,  which  relates  to  recently  observed  periodic  envelope  modulation  of  Coulomb  oscillation  ampli¬ 
tudes  in  a  magnetic  field. 


1.  Introduction 

The  Coulomb  blockade  in  semiconductor  sys¬ 
tems  arises  from  the  electrostatic  interaction  of 
many  electrons  quantum  mechanically  confined 
to  a  submicron  region,  typically  a  quantum  dot. 
The  analysis  of  its  properties  is  therefore  natu¬ 
rally  amenable  to  the  application  of  self-con¬ 
sistent  electronic  structure  techniques,  which 
solve  the  quantum  mechanical  problem  and  the 
electrostatic  problem  together.  Heretofor,  how¬ 
ever,  two  principal  impediments  to  progress  in 
that  application  have  been:  (1)  the  restriction  of 
self-consistent  electronic  structure  calculations  in 
these  systems  to  small  electron  number  ( N  <  20), 
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and  (2)  the  absence  of  a  suitable  method  of 
calculating  the  total  free  energy  of  an  interacting 
dot-contact-gate  system  from  the  results  of  the 
structure  calculation,  once  the  non-interacting 
levels  and  capacitance  parameters  of  the  semi- 
classical  theory  have  been  abandoned. 

In  this  paper  we  present  further  results  from, 
and  somewhat  more  detail  of  our  solution  to 
these  two  problems.  Experimental  results  which 
have  been  unexplained  by  the  semi-classical  the¬ 
ory  are  addressed,  with  particular  emphasis  on 
the  Coulomb  oscillation  amplitude  structure  and 
the  influence  of  a  magnetic  field  thereon. 


2.  Calculation 

We  solve  the  Poisson  and  Schrodinger  equa¬ 
tions  self-consistently  in  3D  [1]  for  a  typical  lat- 
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eral  semiconductor  quantum  dot  patterned  elec¬ 
trostatically  on  a  GaAs / AlGaAs  2DEG  het¬ 
erostructure.  The  results  in  this  paper  are  for  a 
dot  similar  in  gate  arrangement  but  about  30% 
smaller  in  the  2DEG  plane  (by  length)  than  that 
fabricated  by  Kouwenhoven  et  al.  [2].  We  include 
a  wide  region  of  the  source  and  drain  contacts 
wherein  the  electron  density  is  determined  by  a 
two-dimensional  Thomas-Fermi  approximation 
supplemented  by  the  calculated  z-subband 
(growth  direction)  wavefunction.  As  in  the  work 
of  Kumar  et  al.  [1]  we  discretize  the  Poisson 
equation  on  a  non-uniform  mesh  (typically  65  X 
65  X  18)  and  employ  a  pre-conditioned  bi-con¬ 
jugate  gradient  solver  to  determine  the  electro¬ 
static  potential  for  a  given  input  charge  density 
and  boundary  conditions.  Our  approach  to  the 
solution  of  the  effective  mass  Schrodinger  equa¬ 
tion  for  the  dot  electrons  differs  from  that  of  Ref. 
[1],  Rather  than  discretization  on  a  mesh  we 
proceed  as  follows  [3]. 

At  each  iteration,  at  each  point  (p(xi9  y}), 
(j>(xi9  ))  in  the  2D  (65  X  65)  plane,  we  solve  the 

z-part  of  Schrodinger  equation, 

[-82  +  e^(z)+FB(z)]^(0 

=  6„(p,40e*(z>,  (1) 

where  #  ^(z)  is  the  electrostatic  potential  from 
the  preceding  iteration  solution  to  the  Poisson 
equation.  VB(z)  is  the  band  offset  potential  which, 
for  numerical  purposes,  we  take  as  a  square  well 
of  width  200  A.  The  solution  of  Eq.  (1),  in  addi¬ 
tion  to  providing  the  charge  z-distribution  in  the 
contacts,  reduces  the  three-dimensional  equation 
in  the  dot  to  a  multi-component  2D  equation.  If 
we  ignore  subband  coupling  terms,  we  obtain 

*  1  1 

^pP^p  —  T  aP^bBqP2 

P  P 


+  en(P >  4>) 


fn(p,<i>)=Enfn(p,4>) 


(2) 


(with  /z  =  2m*  =  l).  Here,  pB  is  the  effective 
Bohr  magneton  and  B0  the  magnetic  field.  To 
solve  this  equation  we  first  Fourier  decompose 
en(p,  (j>)  and  solve  for  the  azimuthally  symmetric 


part  (for  each  azimuthal  m)  by  expanding  in 
Bessel  functions.  This  procedure  converges  well 
as  the  number  of  zeroes  in  the  highest  retained 
Bessel  function  increases,  provided  that  the  mag¬ 
netic  field  is  not  too  strong  (50  <  0.5  T).  For 
stronger  fields  we  find  that  an  expansion  in  so- 
called  “Darwin-Fock”  states  is  more  efficient. 
Indeed,  even  at  zero  magnetic  field  this  latter 
basis  can  be  used  and,  for  a  sufficient  number  of 
eigenfunctions,  compares  well  with  the  Bessel 
function  expansion.  The  non-azimuthally  symmet¬ 
ric  part  of  en(p ,  </>)  is  then  diagonalized  in  a 
basis: 

P 7  Z)  =  H  aN,m,nf N,n,m{p)^n^{  Z)  e 

N,n,m 

(3) 

where  fN^m(p)  is  the  Nth  solution  for  the  nth 
z-subband  and  mth  angular  momentum  of  the 
azimuthally  symmetric  part  of  the  Hamiltonian. 
Inputs  to  the  calculation  are:  dot  electron  num¬ 
ber  N ,  surface  gate  voltages  V0  donor  concentra¬ 
tion  nd  and  device  dimensions.  Results  of  the 
calculation  are  energy  levels  ep9  wave  functions 
t/^(r),  electrostatic  potential  (p(r ),  electron  den¬ 
sity  (for  both  the  dot  and  the  contacts)  pel(r)  and 
induced  gate  charges  Qt  (from  the  surface  elec¬ 
tric  fields).  Typically  we  vary  N  and  one  of  the 
gate  voltages,  Vc,  on  grids  of  values  to  obtain  the 
results  throughout  a  region  of  the  N-Vc  plane. 

To  calculate  the  total  interacting  free  energy 
we  begin  from  the  classical  expression 

*■({»,},  G„K,) 

=  Ev2°  +  iEe^-  E  / dt ww), 

p  i  /=£  dot 

(4) 

where  the  first  sum  is  over  non-interacting  dot 
energies  sp,  with  occupancies  {np}y  the  second 
sum  is  over  all  gates,  contacts  and  the  dot  (includ¬ 
ing  ion  donor  impurity  charge),  and  the  final  sum 
is  over  contacts  and  gates  only.  From  the  defini¬ 
tion  of  the  self-consistent  energies  ep  =  ({f/p  \  -  V2 
+  VB(z)  +  e<P(r)\il/p)  and  the  quantum  expres¬ 
sion  for  the  electrostatic  energy,  Qdotf  dot 
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Lp(ilfp\e<P(r)\ipp),  we  can  write,  for  the  quan¬ 
tum  case: 

Lnpe°p  +  iQdotKot  Lnpep 

P  P 

-if  dr  pe,(r)<P(r)  +/  dr  pion(r)<P(r), 

(5) 

which  is  the  standard  correction  for  the  double 
counting  in  a  mean  field  approximation.  For  the 
energy  from  the  power  supplies  we  make  an 
adiabatic  approximation  that  the  voltage  on  the 
gates  and  contacts  remains  nearly  constant 
throughout  the  electron  tunneling  process.  This  is 
in  contrast  to  a  current  limited  approximation. 
We  may  then  write  the  total  free  energy  as 

F({np),N,V,) 

=  !LnpZp-\ /  dr  Pe\ir)Hr) 

P 

+  i/dr  pion(r)<2>(r) 

E  f  drp^rWW-iZQM, 

contacts  i 

(6) 

where  the  energy  levels,  density,  potential  and 
induced  charges  are  implicitly  functions  of  the 
electron  number  on  the  dot,  the  magnetic  field 
and  the  applied  gate  voltages.  (Spin-splitting  is 
also  included  in  the  magnetic  field  case).  Note 
that  the  occupation  number  dependence  of  these 
terms  is  ignored.  Calculation  of  the  self-con¬ 
sistent  structure  at  various  temperatures  in  the 
0-2  K  range,  an  effective  test  of  the  sensitivity  to 
variation  of  the  occupancies,  shows  only  small 
change  of  the  electronic  structure. 

3.  Results 

Fig.  1  shows  the  dot  self-capacitance  (total 
capacitance  to  ground)  and  gate  to  dot  capaci¬ 
tance  as  a  function  of  the  changing  electron  num¬ 
ber  and  changing  gate  voltage.  (In  the  experi¬ 
ments  the  gate  voltage  is  varied  and  the  electron 


Gate  Voltage  (volts/e) 


Fig.  1.  Capacitances  (solid  lines,  scale  at  left),  classical  reso¬ 
nance  spacing  and  activation  energy  and  resonance  spacings 
(circles)  and  activation  energies  (triangles)  from  conductance 
calculation,  all  as  a  function  of  gate  voltage  and  electron 
number. 


number  changes  correspondingly.)  Capacitances 
can  be  easily  computed  by  changing  N  by  some 
small  fraction  and  “measuring”  the  change  in 
both  the  dot  potential  minimum  and  the  induced 
charges  on  the  gates  and  contacts.  A  slightly 
more  sophisticated  averaging  process,  employing 
a  notion  of  “local  capacitance”  is  discussed  in 
Ref.  [4],  Note  that  as  N  increases  the  dot  grows 
and  hence  the  capacitances  increase.  Calculations 
of  the  conductance  and  its  temperature  depen¬ 
dence,  also  discussed  in  Ref.  [4],  give  the  reso¬ 
nance  spacing  and  the  conductance  minima  acti¬ 
vation  energies.  In  Fig.  1,  these  are  compared 
with  the  values  expected  from  the  semi-classical 
model,  e2/Cdot_gate  and  c2/2Cdot_dot,  respec- 
tively. 

In  the  semi-classical,  or  “constant  interaction” 
(Cl)  model  [5,6],  the  single-particle  states  are 
assumed  to  be  independent  of  the  electrostatics, 
that  is,  neither  a  function  of  N  nor  the  gate 
voltages.  While  we  have  found  [7]  that  this  ap¬ 
proximation  is  somewhat  justifiable  for  the  zero 
field  case,  the  application  of  a  small  magnetic 
field  causes  the  spectrum,  particularly  at  the 
Fermi  surface,  to  become  strongly  dependent  on 
N.  This  is  shown  in  Fig.  2,  where  the  levels, 
measured  relative  to  the  potential  minimum  of 
the  dot,  are  plotted  for  B  =  1  T  as  a  function  of 
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Fig.  2.  Self-consistent  single  particle  energies  at  fixed  mag¬ 
netic  field,  B  =  1  T,  as  a  function  of  electron  number.  Gate 
voltage  (not  shown)  also  varies  such  that  the  electron  number 
is  that  N  which  minimizes  the  free  energy  of  the  dot  for  that 
voltage.  Dashed  lines  are  in  the  lowest  Landau  level  ( n  =  1), 
solid  lines  are  n  —  2.  Constant  spin-splitting  is  clearly  visible. 
Triangles  mark  the  Nth  level  (the  quasi-Fermi  surface). 


changing  N.  (Vc  also  changes  in  the  figure  with 
changing  AO  The  pairs  of  rising  solid  lines  are 
(spin-split)  second  Landau  level  ( n  =  2)  states. 
The  decreasing  dashed  lines  show  the  lowest 
Landau  level  ( n  =  1)  states.  Triangles  mark  the 
Nth  or  quasi-Fermi  level.  The  structure  is  easily 
explained.  As  N  increases,  the  triangular  poten¬ 
tial  confining  the  electrons  to  the  GaAs/AlGaAs 
interface  becomes  steeper  and  the  binding  to  the 
interface,  e„(p,  ^),  increases.  However,  in  a  mag¬ 
netic  field  the  n  =  1  states  at  the  Fermi  energy 
orbit  at  the  dot  perimeter.  As  N  increases  the 
dot  “wall”  moves  outward.  The  various  states, 
which  are  characterized  by  orbits,  each  enclosing 
some  fixed  magnetic  flux,  remain  stationary  in 
space.  Thus  the  states  at  the  edge  decrease  in 
energy,  in  proportion  to  their  angular  momen¬ 
tum,  as  they  “slide”  down  the  wall.  This  results  in 
a  pattern  of  level  crossings  between  outer,  n  =  1 
states  and  inner,  n  =  2  states. 

Note  that  in  the  device  model,  as  in  the  experi¬ 
mental  device,  the  dot  is  pinched  by  laterally 
disposed  surface  gates  in  order  to  vary  the  num¬ 
ber  of  electrons  in  the  dot.  Therefore  the  dot  is 
not,  in  general,  circularly  symmetric.  Rather,  it  is 
commonly  fairly  oblong.  Nonetheless,  our  calcu¬ 


lations,  which  have  so  far  extended  to  about 
N  =  100,  show  no  evidence  of  chaotic  level  varia¬ 
tion  for  any  magnetic  field.  Recent  calculations 
by  Jalabert  et  al.  [8]  of  the  non-interacting  spec¬ 
trum  for  a  quantum  dot  have  shown  that,  as  a 
function  of  small  distortions  in  the  dot  shape 
from  perfect  circularity,  the  energy  levels  evolve 
in  a  seemingly  chaotic  fashion.  Though  this  may 
well  suggest  that,  for  a  sufficiently  large  dot, 
chaotic  dynamics  become  applicable,  it  is  our 
opinion  that  the  sensitivity  of  the  spectrum  to 
small  distortions,  which  these  authors  have  found 
in  a  small  dot,  are  a  mathematical  artifact  of  the 
infinitely  hard  wall  confining  potential  which  they 
employ. 

Recent  experiments  by  Staring  et  al.  [9]  have 
shown  a  periodic  amplitude  modulation  (en¬ 
velope)  of  the  Coulomb  oscillations  in  the  quan¬ 
tum  Hall  regime.  The  number  of  oscillations  per 
major  (envelope)  period  was  found  to  approxi¬ 
mately  equal  the  filling  factor  v .  Staring  et  al. 
present  a  Cl  model  explanation  for  this  phe¬ 
nomenon.  However,  inspection  of  Fig.  2  leads  to 
a  slightly  different  interpretation.  Note  that,  due 
to  the  level  crossings,  the  Fermi  energy  passes 
periodically  through  the  decreasing  n  =  1  levels. 
If,  as  assumed  in  Ref.  [9],  the  coupling  of  those 
states  to  the  source  and  drain  far  exceeds  that  of 
the  inner  Landau  level,  then  thermally  activated 
tunneling  will  produce  an  amplitude  modulation 
which  peaks  when  the  quasi-Fermi  energy  is 
nearest  to  (or  equal  to)  an  n  =  1  energy  level. 
Note  that  in  this,  v  =  4,  case  the  number  of 
oscillations  per  envelope  period  would  not  be 
exactly  four  (Fig.  2  would  give  a  value  of  3.5). 
However,  careful  examination  of  the  published 
experimental  data  does  not  convincingly  show 
that  the  number  of  oscillations  must  be  an  inte¬ 
ger. 
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Abstract 

AIGaAs/GaAs  undoped  quantum  wires  (QWRs)  grown  by  organometallic  chemical  vapour  deposition  on 
V-grooved  substrates  have  been  studied  by  photoluminescence  (PL)  and  photoluminescence  excitation  (PLE)  in  zero 
and  finite  magnetic  fields.  From  the  study  of  the  diamagnetic  shift  of  the  peaks  as  a  function  of  wire  width  and 
orientation  with  respect  to  the  magnetic  field,  we  have  deduced  one-dimensional  effective  masses  for  the  lowest 
subband  transitions. 


Fabrication  of  semiconductor  structures  ex¬ 
hibiting  two-dimensional  (2D)  confinement  has 
taken  many  forms  over  the  past  few  years  [1-3]. 
In-situ  growth  of  crescent-shaped  quantum  wires 
(QWRs)  on  V-grooved  substrates  has  the  advan¬ 
tage,  over  post-growth  processing,  of  producing 
wires  with  interfaces  of  comparable  quality  to 
that  currently  available  in  quantum  well  (QW) 
structures.  Lasers  incorporating  such  crescent¬ 
shaped  QWRs  show  peaks  in  the  optical  gain 
spectra  at  energies  corresponding  to  transitions 
between  the  quasi-ID  subbands  [4-6],  and  oper¬ 
ate  at  room  temperature  with  sub-mA  threshold 
currents  [7]. 

Here,  we  report  the  results  of  magneto-optical 
measurements,  for  all  three  orthogonal  magnetic 
field  directions,  on  crescent-shaped  QWRs  of 
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various  widths,  with  subband  separations  of  up  to 
45  meV  in  the  conduction  band.  We  are  there¬ 
fore  able  to  study  systematically  the  dependence 
of  the  diamagnetic  shift  of  the  ID  exciton  on 
subband  index,  field  direction  and  wire  size. 
Analysis  of  the  quadratic  shifts  has  enabled  us  to 
determine  exciton  reduced  masses  for  the  ground 
state  of  these  ID  systems. 

These  crescent-shaped  quantum  wires  are 
grown  by  organometallic  chemical  vapour  deposi¬ 
tion  (OMCVD)  on  a  GaAs(lOO)  substrate  pat¬ 
terned  with  [011]-oriented  V-grooves  [8].  A  trans¬ 
mission  electron  microscopy  (TEM)  cross-sec¬ 
tional  image  of  a  part  of  a  vertically-stacked  array 
of  GaAs /AlGaAs  QWRs  from  sample  A  is  shown 
in  Fig.  1.  Sample  A  was  grown  at  670°C  on  a  3.5 
^m  pitch  grating.  It  consists  of  a  0.7  /xm 
A1  o.45 Ga  o.55 As  cladding  layer,  followed  by  ten 
periods  of  (nominally)  2  nm  GaAs  QWs  sepa¬ 
rated  by  50  nm  thick  Al045Ga055As  barriers.  The 
complete  recovery  of  the  radius  of  curvature  at 
the  bottom  of  the  groove  during  barrier  layer 
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growth  results  in  a  vertical  array  of  nearly  identi¬ 
cal  GaAs  wires.  In  the  case  of  sample  A,  each 
crescent  is  5.5  nm  thick  at  its  centre  and  ~  35  nm 
in  full  geometrical  width.  Sample  B  was  grown  at 
750°C  and  consisted  of  an  8.5  nm  thick  and  ~  65 
nm  wide  GaAs  crescent  sandwiched  between 
Al07Ga03As  barriers  [10].  In  sample  C,  grown  at 
670°C,  the  GaAs  crescents  were  8.3  nm  thick  and 
-  40  nm  in  geometrical  width.  Note  that  the 
effective  wire  widths  are  much  smaller  than  the 
geometric  ones  due  to  the  tapering  of  the  quan¬ 
tum  well  layers  [4]. 

The  energy-band  structure  of  the  QWRs  was 
evaluated  using  the  model  described  in  Ref.  [4]. 
For  sample  A,  the  calculated  energy  separation 
between  the  ground  and  first  excited  QWR  sub¬ 
bands  for  electrons,  heavy  holes  and  light  holes 
are  44.6,  11.1  and  30.4  meV,  respectively.  The 
corresponding  values  for  sample  B  are  21.7,  3.9 
and  16.7  meV.  The  effective  width  Weff  of  the 
wires  defined  by  where  =  where 

Ex  is  the  lowest  electron  subband  energy  [9],  is 


Fig.  1.  TEM  cross-sectional  image  of  a  vertically-stacked  array 
of  GaAs / AlGaAs  crescent-shaped  QWRs. 


Z  1.55  1.60  1.65  1.70  1.75  1.80 

Energy  (eV) 


Fig.  2.  PLE  (solid  curve)  and  PL  (dashed  curve)  spectra  at 
27.5  K  at  B  -  0  T  for  sample  A. 


much  smaller  than  the  geometric  width.  For  elec¬ 
trons  in  the  ground  state  Weff  =  9.5  nm  for  sample 
A  and  We{{  =  16  nm  for  sample  B. 

The  non-equilibrium  carriers  were  created  us¬ 
ing  a  Ti :  sapphire  laser,  and  the  low  temperature 
(4  K  or  24  +  4  K)  photoluminescence  (PL)  and 
photoluminescence  excitation  (PLE)  spectra  were 
recorded  in  the  Faraday  configuration  with  the 
laser  beam  always  parallel  to  the  sample  growth 
direction  (z-direction).  For  the  PLE  measure¬ 
ments  the  spectrometer  was  set  to  the  low  energy 
side  of  the  PL  peak.  Measurements  were  taken  in 
magnetic  field  (B)  up  to  7  T  using  an  optical 
cryostat. 

In  Fig.  2  we  show  both  the  PL  and  PLE 
spectra  for  sample  A  at  zero  magnetic  field,  taken 
using  light  polarised  parallel  to  the  axis  of  the 
wire.  The  PLE  peak  energy  for  the  second  ex¬ 
cited  transition  in  sample  A  as  a  function  of 
magnetic  field  has  been  plotted  in  Fig.  3  for  all 
three  magnetic  field  directions:  Bx,  By  and  Bz . 
The  three  curves  are  slightly  displaced  relative  to 
each  other  due  to  inhomogeneity  across  the  sam¬ 
ple,  and  the  necessity  of  repositioning  the  sample 
in  order  to  achieve  the  three  experimental  ar¬ 
rangements.  When  the  field  is  applied  along  the 
wire  ( Bx )  the  PLE  peak  energy  appears  essen¬ 
tially  independent  of  magnetic  field  up  to  7  T, 
but  if  the  magnetic  field  is  applied  either  perpen¬ 
dicularly  or  laterally,  then  a  clear  diamagnetic 
shift  is  observed.  For  sample  A  the  magnitudes  of 
the  shifts  are  very  similar  for  magnetic  fields  in 
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Fig.  3.  PLE  peak  positions  for  the  second  excited  state  of 
sample  A  as  a  function  of  magnetic  field  applied  perpendicu¬ 
larly  ( Bz )  (diamonds),  laterally  ( By )  (circles)  and  along  the 
wires  ( Bx )  (squares).  The  lines  are  theoretical  fits  to  the  data 
for  Bz  and  By  and  a  guide  to  the  eye  for  Bx.  The  arrows  in 
the  inset  indicate  the  magnetic  field  axis. 


the  y-  and  z-directions.  In  this  case,  the  wire 
width  in  the  y-direction  (Wcff)  is  9.5  nm  and  the 
quantum  well  reaches  its  maximum  thickness  of 
5.5  nm  in  the  z-direction  at  the  centre  of  the 
QWR.  Thus  one  would  expect  the  diamagnetic 
shifts  to  be  significantly  greater  for  these  two 
directions  of  magnetic  field  than  that  for  Bx  (as¬ 
suming  no  anisotropy  with  bulk  crystallographic 
direction  [11])  and,  at  the  same  time,  fairly  simi¬ 
lar  to  each  other;  in  agreement  with  what  we  find 
experimentally. 

The  diamagnetic  coefficients  of  the  PL  energy, 
with  the  magnetic  field  applied  perpendicularly 
( Bz ),  were  determined  as  18  ±  5.2  /u-eV/T2,  24  + 
3.0  /xeV/T2,  and  26  +  2.9  jueV/T2  for  sample 
A,  B  and  C,  respectively.  This  trend  is  consistent 
with  greater  diamagnetic  shifts  for  wider  wires. 
PL  peak  energy  can  be  ambiguous,  however,  due 
to  the  presence  of  competing  processes,  such  as 
localised  states  which  can  provide  alternative  ra¬ 
diative  recombination  paths.  We  do  indeed  find 
that  the  slope  of  the  PL  transition  is  significantly 
greater  than  that  of  the  corresponding  PLE  for 
the  same  transition.  Our  PLE  data,  therefore, 
give  a  much  more  reliable  measure  of  the  dia¬ 
magnetic  shift  of  the  one-dimensional  exciton 
than  PL  [11]. 

By  fitting  the  experimentally  determined  dia¬ 


magnetic  shifts  from  the  PLE  data  of  sample  A 
using  first-order  perturbation  theory  [11,12],  we 
can  derive  reduced  exciton  masses  (ji)  for  the 
lowest  ID  subband  in  each  sample.  From  the 
fitted  value  of  fi,  we  have  calculated  an  averaged 
Bohr  radius  of  7.8  nm  for  sample  A.  We  have 
also  determined  the  anisotropic  diamagnetic  shifts 
for  several  higher  subbands.  These  shifts  increase 
with  increasing  energy  of  the  subband  in  accor¬ 
dance  with  the  associated  increase  in  wavefunc- 
tion  extent  and  corresponding  decrease  in  bind¬ 
ing  energy.  However,  the  application  of  the  bulk 
exciton  model  in  order  to  relate  the  confine¬ 
ment-induced  contraction  of  the  exciton  radius  to 
an  anisotropic  effective  mass  is  not  appropriate 
for  excitons  associated  with  higher  subbands  of 
the  quantum  wire.  We  will  include  an  appropri¬ 
ate  model  for  the  calculation  of  binding  energies 
in  a  future  publication. 

Using  the  less  accurate  measurements  of  the 
diamagnetic  shifts  of  the  PL  gives  consistently 
smaller  values  (67-70%)  for  the  reduced  exciton 
masses  and  correspondingly  larger  values  for  the 
Bohr  radii. 

Since  upper  bounds  on  the  diamagnetic  coeffi¬ 
cients  were  employed,  the  derived  reduced  masses 
are  lower  bounds  -  /jl  =  0.085mo  for  the  lowest 
subband  in  sample  A  (m0  is  the  free  electron 
mass).  This  lower  bound  is  significantly  larger 
than  the  bulk  value  of  0.058mo  and  also  greater 
than  the  values  obtained  by  similar  measure¬ 
ments  in  quantum  wells  [13-16]. 

Similar  work  on  etched  quantum  wires  [17] 
which  claimed  a  15%  enhancement  in  the  exci- 
tonic  mass  was  analysed  using  an  isotropic  re¬ 
duced  mass  which  was  based  on  experimental 
data  taken  in  only  one  magnetic  field  orientation 
( Bz ),  an  approach  found  here  and  elsewhere  [11] 
to  be  inadequate. 

In  summary,  we  have  derived  the  most  accu¬ 
rate  values,  to  date,  for  the  anisotropic  reduced 
masses  in  QWRs,  from  the  diamagnetic  shifts  of 
the  ground  state  of  QWRs  of  various  widths.  The 
diamagnetic  shift  was  found  to  depend  on  the 
orientation  of  the  wires  with  respect  to  the  mag¬ 
netic  field,  with  the  shift  being  least  when  the 
wires  were  oriented  parallel  to  the  field.  The  shift 
was  also  found  to  increase,  as  expected,  with  the 
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width  of  the  wire  and  with  increasing  energy  of 
the  subband  transition. 
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Abstract 

Strong  Fermi-edge  singularities  (FES)  were  observed  in  the  magnetoluminescence  spectra  of  InGaAs  quantum 
wires  of  electronic  widths  of  Lw  «  500  A.  These  quasi-l-dimensional  (ID)  many-electron/ one-hole  correlation 
effects  cause  a  large  shift  in  spectral  weight  from  the  band-edge  to  the  conduction  Fermi  energy,  when  compared 
with  unpatterned  (2D)  structures.  While  the  FES  effects  in  the  InGaAs  quantum  wires  are  associated  with  spatially 
direct  transitions,  we  have  also  observed  related  effects  in  GaAs,  where  a  Schottky  gate  bias  is  needed  to  induce  the 
effect  due  to  the  dominantly  spatially  indirect  nature  of  the  transitions. 


Among  the  several  interband  spectroscopic 
studies  of  doped  quantum  well  wires  (QWWs) 
there  has  been  only  limited  experimental  work  on 
many  electron-hole  correlations,  exemplified  by 
the  Fermi-edge  singularity  (FES)  [1-3]  which  has 
been  studied  in  a  number  of  quasi-2D  and  3D 
electron  systems  experimentally  and  theoretically. 
Here  we  address  the  issue  of  Fermi-edge  singu¬ 
larities  in  n-type  doped  QWWs  in  a  regime  of 
electron  concentration  which  is  sufficiently  high 
(Ef  ~  20  meV),  so  that  the  emission  from  elec¬ 
trons  at  the  top  of  the  Fermi  sea  can  be  clearly 
distinguished  from  those  at  the  bottom  of  the 
conduction  band  potential  well. 

The  QWWs  were  fabricated  from  n-type  asym¬ 
metrically  doped  InGaAs  and  GaAs  single  quan¬ 
tum  well  (SQW)  samples  of  well  thicknesses  Lw 
—  150  A,  containing  relatively  high  electron  con- 
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centrations  (ns  ~  1  X  10 12  cm-2),  which  were  pat¬ 
terned  by  laser  holographic  lithography  and  se¬ 
lective  (but  weak)  shallow  chemical  etching.  The 
advantage  of  a  higher  initial  concentration  is  also 
a  more  robust  electronic  and  optical  system  with 
respect  to  QWW  processing.  Typical  geometrical 
wire  widths  of  1000-2000  A  were  produced,  with 
typical  electron  densities  of  n1D  ~  106  cm-1  and 
the  carriers  residing  in  approximately  LQWW  » 
500  A  wide  effective  lateral  potential  of  FQWW  ~ 
10-20  meV  modulation  depth. 

Fig.  la  shows  a  reference  photoluminescence 
(PL)  spectrum  obtained  from  the  unpatterned 
portion  of  an  InGaAs  SQW  sample  at  T  =  1.8  K. 
The  emission  is  dominated  by  electrons  at  the 
bottom  of  the  N  =  1  conduction  subband,  recom¬ 
bining  with  holes  in  the  N  =  1  valence  subband. 
The  electron  density  is  obtained  directly  from  the 
width  of  the  PL  spectrum  (ns  =  9  X  10 11  cm-2), 
in  very  good  agreement  with  transport  (Hall) 
measurements.  Fig.  lb  shows  PL  spectra  for  the 
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Fig.  1.  (a)  PL  spectrum  of  unpatterned  InGaAs  single  quan¬ 
tum  well  at  T  =  1.8  K.  Note  the  N=  1  transition  as  well  as  the 
cutoff  at  EF.  (b)  Spectrum  from  an  InGaAs  quantum  well 
wire  sample  as  a  function  of  temperature.  Note  the  strong 
shift  of  spectral  weight  to  EF  compared  with  the  unpatterned 
case. 


very  same  sample,  but  now  obtained  in  the  QWW 
region.  The  lineshape  of  the  spectrum  now  shows 
a  strong  enhancement  at  higher  energies  (at  EF) 
compared  to  the  unpatterned  case.  There  is  no 
indication  of  the  QWW  subband  structure  in  the 
emission  spectrum,  presumably  due  to  broaden¬ 
ing  by  scattering.  The  intensity  of  the  N  =1  emis¬ 
sion  remained  nearly  comparable  to  the  unpat¬ 
terned  case,  suggesting  that  the  sample  fabrica¬ 
tion  did  not  have  major  adverse  effects.  From  the 
temperature  dependence  of  the  ‘FES’  peak  we 
infer  a  characteristic  energy  of  30  K.  This  general 
behaviour  is  characteristic  of  Fermi-edge  singu¬ 
larities  observed  by  PL  in  quasi-2D  and  3D  sys¬ 
tems  due  to  valence  hole  localization,  although 
now  with  a  larger  binding  energy  [4-6].  We  at¬ 
tribute  this  enhancement  to  the  quantization  of 
the  electron  motion  by  the  wire  potential.  Also, 
we  argue  below  that  the  emissions  in  Fig.  lb 


correspond  to  spatially  direct  transitions  in  the 
QWW  as  indicated  in  Fig.  3. 

The  enhancement  at  Ev  is  not  contradicted  by 
the  lack  of  observing  the  QWW  subband  struc¬ 
ture  in  the  emission  spectrum.  This  follows  as  the 
experiment  samples  over  many  wires  (and  inho¬ 
mogeneities  within  each  wire).  Because  all  the 
wires  have  a  common  chemical  potential  ji ,  the 
averaging  over  the  distribution  of  wires  with  fluc¬ 
tuating  width  masks  out  the  subband  structure  in 
the  noninteracting  portion  of  the  emission  spec¬ 
trum,  but  leaves  the  spectral  structure  close  to 
the  common  chemical  potential  (FES)  un¬ 
changed. 

Fig.  2a  shows  the  PL  spectrum  of  the  QWW 
portion  for  our  sample  in  a  perpendicular  mag¬ 
netic  field,  Bz  =  3  T  at  7=1.8  K.  Beyond  a 
low-field  regime,  we  observed  generally  clear 
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Fig.  2.  (a)  Typical  PL  spectrum  of  the  InGaAs  QWW  sample 
in  a  perpendicular  magnetic  field  at  T  =  1.8  K.  Except  for  the 
FES  region,  the  electron  Fermi  sea  is  Landau  quantized,  (b) 
Fan  plot  of  the  transition  energies  versus  field  B.  Note  the 
diamagnetic  shift  of  the  FES  peak.  The  open  arrow  marks  the 
transition  from  QWW  confined  regime  to  Landau  behavior 
for  the  lowest  Landau  level. 


582 


M.  Fritze  et  al.  /  Surface  Science  305  (1994)  580-584 


Landau  quantization  across  the  Fermi  sea  (indi¬ 
cated  here  by  the  level  indices  /  =  0,1,2),  except 
for  the  electrons  at  the  Fermi  edge  where  the 
FES  feature  remained  unaffected  but  for  a  dia¬ 
magnetic-type  shift.  This  behavior  supports  the 
notion  of  the  FES  peak  being  of  excitonic  charac¬ 
ter.  The  field  dependence  of  some  of  the  relevant 
emission  energies  are  summarized  in  the  fan  plot 
of  Fig.  2b.  For  low  magnetic  fields,  Landau  quan¬ 
tization  is  inhibited  by  the  lateral  width  of  the 
QWW  potential,  but  becomes  allowed  when  the 
cyclotron  diameter  becomes  smaller  than  the 
electronic  wire  confinement  width.  A  clear  transi¬ 
tion  from  confined  to  Landau  level  behavior  oc¬ 
curs  for  the  lowest  N  =  1  Landau  level  at  B  =  1.75 
T  for  this  QWW  sample  (marked  by  an  open 
arrow).  Note  the  change  in  'slope’  for  l  =  0 
at  B  =  1.75  T  according  to  En  =  E0  +  (n  + 
1/2 )[(h(oc)2  +  (h(o0)2],  where  Iuo0  is  the  (ap¬ 
proximately)  parabolic  wire  confinement  poten¬ 
tial.  For  unpatterned  portion  of  the  samples, 
Landau-level  quantization  was  readily  observed 
at  low  magnetic  fields  B  <  IT.  Our  data  yield  a 
typical  electronic  confinement  width  of  LQWW  = 
550  A.  Using  a  simple  sinusoidal  potential  model, 
we  obtain  ID  subband  spacings  of  A  E  ~  1.3  meV 
for  the  electrostatic  potential  depth  of  FQWW  ~  20 
meV  in  this  sample. 

Important  differences  were  found  when  com¬ 
paring  the  PL  spectra  of  the  InGaAs  QWWs  with 
those  obtained  in  comparably  prepared  GaAs 
structures.  A  new  spectral  feature,  redshifted 
from  the  band-edge  by  about  10  meV,  was  very 
clearly  introduced  by  the  presence  of  the  QWW. 
This  emission,  not  encountered  in  any  of  the 
InGaAs  QWW  samples,  is  due  to  the  spatially 
indirect  electron-hole  recombination  (Fig.  3), 
analogous  to  luminescence  in  nipi-structures.  The 
peak  shifts  continuously  towards  the  AT=  1  direct 
transition  with  increasing  laser  excitation  power, 
hence  reflecting  the  screening  out  of  the  rela¬ 
tively  shallow  ID  modulation  potential.  The  dif¬ 
ference  between  the  emission  energy  measured  at 
very  low  laser  powers  ( ~  1  fxW)  and  the  N  =  1 
direct  band-edge  transition  yields  the  ID  modula¬ 
tion  depth  in  a  typical  sample  of  KQWW  ~  10 
meV,  i.e.  a  shallower  ID  modulation  depth  than 
the  InGaAs  QWWs  above,  where  FqWW  =  20 


Fig.  3.  Real-space  schematic  energy  diagram  depicting  the 
QWW  potential  profile  and  the  key  interband  transitions 
discussed  in  the  text.  The  transition  labelled  ‘FES’  indicates 
the  process  which  gives  rise  to  the  edge  singularity  effect  in 
the  InGaAs  wires. 


meV.  The  spatially  indirect  nature  of  the  recom¬ 
bination  also  reduces  the  electron-hole  correla¬ 
tion  at  the  Fermi  energy  and  consequently  no 
FES  feature  was  observed  at  higher  energies.  In 
order  to  tune  the  ID  potential  modulation  depth 
and  the  electron-hole  overlap,  Schottky  gates 
were  evaporated  on  this  sample.  For  a  narrow 
range  of  gate  voltages  of  Vg~  (-5  ±  0.5)  V,  a 
distinct  PL  peak  appeared,  corresponding  to  elec¬ 
tron  recombination  at  the  Fermi  level  and  dis¬ 
playing  a  temperature  dependence  similar  to  the 
FES  feature  observed  in  the  InGaAs  QWW’s.  In 
spite  of  the  enhancement  at  the  high  energy 
edge,  however,  the  overall  emission  intensity  near 
Ef  remained  much  lower  than  in  the  case  of 
InGaAs  QWWs. 

In  interpreting  the  presence  of  the  strong 
FES-like  features  in  our  InGaAs  QWW  struc¬ 
tures,  and  the  need  for  a  Schottky-gate  to  pro¬ 
duce  such  (weaker)  effects  in  the  GaAs  case,  we 
consider  in  Fig.  3  schematically  the  conduction 
and  valence  band  potential  for  the  quantum  wires 
together  with  some  of  the  key  optical  transitions, 
both  spatially  direct  and  indirect.  In  the  electro¬ 
statically  defined  QWW  structures,  both  one-  and 
many-electron  effects  can  lead  to  PL  enhance¬ 
ments  near  EF.  For  a  spatially  indirect  transition, 
the  electron-hole  overlap  increases  with  increas¬ 
ing  ID  subband  index.  From  simple  calculations 
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for  a  sinusoidal  potential,  this  one-electron  ma¬ 
trix  element  can  in  fact  increase  by  several  orders 
of  magnitude.  Beyond  the  one-electron  picture, 
the  increased  overlap  effect  is  also  most  likely 
responsible  for  the  enhancements  in  the  elec¬ 
tron-hole  interaction  observed  at  EF  in  the  GaAs 
QWWs.  Furthermore,  the  presence  of  the  spa¬ 
tially  indirect  transition  at  the  band  edges,  and 
the  weak  emissions  at  EF  are  consistent  with  the 
presence  of  free  holes  which  thermalize  rapidly 
to  the  valence  band  minimum,  following  photoex¬ 
citation.  Ongoing  experiments  show  that  the  lu¬ 
minescence  decay  time  of  this  feature  is  long 
(tens  of  ns),  shortening  with  increasing  intensity 
of  excitation,  supporting  our  interpretation. 

On  the  other  hand,  the  much  larger  optical 
intensities  at  EF  and  the  distinct  presence  of  an 
edge  singularity  in  the  (ungated)  InGaAs  QWWs 
can  only  be  reconciled  with  a  spatially  direct 
transition,  shown  schematically  in  Fig.  3.  First, 
there  is  no  evidence  for  the  spectrally  redshifted 
band-edge  transitions.  Also  given  the  larger  wire 
modulation  depth  (KQWW  ~  20  meV),  calculations 
now  show  a  much  reduced  optical  cross  section 
for  these  transitions.  We  argue  that  spatially  di¬ 
rect  transitions  are  dominant  in  the  InGaAs 
QWWs  due  to  partial  hole  localization  by  alloy 
potential  fluctuations  which  inhibit  and /or  retard 
the  thermalization  process  of  the  holes  to  the 
(indirect)  valence  band  maximum.  In  this  fashion, 
a  sizable  hole  population  remains  available  in 
steady  state  for  the  spatially  direct  transitions 
(which  possess  large  optical  cross-sections).  For  a 
normally  disordered  alloy,  we  calculate  that  the 
mean  localization  energy  for  our  In  composition 
( x  —  0.15)  is  approximately  15  meV  for  a  heavy 
hole,  i.e.  a  value  comparable  with  both  FQWW  and 
Ef.  Hence,  the  strong  FES  features  observed  in 
our  structures  are  made  possible  by  a  combina¬ 
tion  of  (at  least  partial)  hole  localization  and 
closely  spaced  conduction  subbands  which  en¬ 
hance  the  electron-hole  Coulomb  scattering  near 
Ef.  In  part  then,  our  results  agree  with  the  recent 
calculations  (for  spatially  direct  case)  that  strong 
singularities  in  QWWs  can  only  be  observed  with 
hole  localization,  although  in  our  case  we  have 
departed  from  the  strict  ID  limit  that  the  theory 
has  addressed. 


The  problem  of  Fermi-edge  singularities  in 
doped  quantum  well  systems  of  2D  and  3D  di¬ 
mensionality  has  been  extensively  studied  [7]. 
Strong  correlations  between  the  electrons  at  kF 
and  the  photoholes  at  k  =  0  are  the  basis  for  such 
many-body  exciton  complexes  which  are  frus¬ 
trated  by  the  requirement  of  momentum  conser¬ 
vation.  Evidence  for  singularities  was  originally 
observed  in  InGaAs  quantum  wells  in  which  the 
holes  were  localized  by  some  form  of  alloy  disor¬ 
der  [4].  They  were  subsequently  observed  in  GaAs 
QWs  with  free  holes  in  two  circumstances:  (i)  in 
case  of  small  values  of  the  Fermi  energy  (E F  ~  a 
few  meV)  [8],  and  (ii)  in  cases  where  a  higher, 
empty  conduction  subband  was  in  near  proximity 
to  Ef  (within  a  few  meV)  to  provide  a  virtual 
scattering  channel,  permitting  electrons  with  k  ~ 
kF  to  couple  to  holes  at  k  =  0  [6]. 

Theoretically,  many-electron /  one-hole  corre¬ 
lations  are  expected  to  be  are  stronger  in  the  ID 
case  due  to  the  lack  of  hole  recoil  such  a  confined 
system  (only  excitations  of  k  =  0  and  k  =  2k F  are 
allowed).  Roughly,  the  recoil  energy  is  given  by 
Er  ~  (m*/m%)EF  and  should  remain  small  in 
comparison  with  the  binding  energy  of  the  FES. 
On  the  other  hand,  the  importance  of  hole  local¬ 
ization  in  forming  a  FES  in  QWW  systems  is  the 
subject  of  some  discussion  [9,10].  Generally,  the 
calculations  only  consider  the  ID  quantum  limit 
(1  occupied  subband),  in  contrast  to  our  experi¬ 
mental  circumstances.  Hence,  in  addition  to  the 
hole  localization  and  electron  confinement,  the 
subband  interference  effect  could  be  expected  to 
be  of  importance  here.  In  that  sense,  our  obser¬ 
vations  in  the  QWW  structures  may  be  compared 
to  the  FES’s  observed  recently  in  wide  parabolic 
wells  (quasi-3D  systems)  [11],  since  we  are  deal¬ 
ing  with  a  number  of  occupied  closely  spaced 
subband  levels  (AE  ~  1-2  meV).  These  closely 
spaced  subbands  allow  intersubband  scattering  to 
couple  electrons  at  k  F  to  holes  at  k  =  0,  thus 
enhancing  the  formation  of  the  FES. 
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Abstract 

We  report  a  systematic  study  of  photoluminescence  efficiency  in  dry  etched  quantum  well  dots.  Luminescence 
degradation  is  observed  on  decreasing  the  quantum  dot  lateral  size.  Furthermore,  luminescence  quenching  is  more 
pronounced  in  quantum  dots  with  a  thicker  quantum  well  than  those  with  a  thinner  one.  This  effect  is  attributed  to 
the  reduced  carrier  relaxation  in  0D  system.  Resonant  Raman  scattering  and  “hot”  exciton  luminescence  have  also 
been  observed  in  dry  etched  GaAs/AIGaAs  quantum  dots  in  which  quantum  confinement  effects  are  found  with 
decreasing  dot  sizes.  Up  to  4th-order  multiphonon  processes  have  been  observed  through  photoluminescence  and 
photoluminescence  excitation  in  quantum  dots.  These  results  are  direct  evidence  of  the  bottleneck  effect.  Lateral 
patterning  of  quantum  wells  strongly  localises  excitons  in  three-dimensional  quantum  confinement  regime  (0D 
system).  The  observation  of  resonant  Raman  scattering  and  hot  exciton  luminescence  up  to  high  temperature 
demonstrates  the  high  stability  of  localised  excitons. 


1.  Introduction 

Recent  years  have  seen  increased  research  ac¬ 
tivities  in  the  optical  properties  of  one-  and  zero¬ 
dimensional  (ID  and  0D)  semiconductor  wires 
and  dots.  The  optical  band-to-band  oscillator 
strength  and  non-linear  properties  increase  with 
the  decreasing  dimensionality  due  to  the  in¬ 
creased  concentration  of  density  of  states  at  the 
band  edge  [1].  However,  most  useful  optical  de¬ 
vices  such  as  lasers,  rely  on  a  fast  carrier  relax¬ 
ation  process  for  efficient  radiative  recombina- 
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tion.  Several  theoretical  papers  have  suggested 
slower  relaxation  processes  in  quantum  dots:  the 
so-called  bottleneck  effect  [2,3].  It  is  mainly  due 
to  the  discrete  energy  levels  in  the  quantum  dots 
which  drastically  reduce  the  electron  (exciton)- 
phonon  interaction.  In  a  quantum  dot,  first-order 
electron-LO  phonon  Frohlich  coupling  is  forbid¬ 
den,  and  carrier  relaxation  has  to  rely  on  the 
inefficient  electron-acoustic  phonon  coupling. 
The  resulting  strongly  reduced  relaxation  of  hot 
carriers  is  expected  to  limit  the  luminescence 
efficiency  in  quantum  dots  in  <  200  nm  lateral 
sizes.  Experimental  evidence  has  partly  supported 
the  theoretical  predictions  [4,5]:  it  has  been  shown 
that  for  large  dot  diameter  (L),  specially  L  >  200 
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nm  in  GaAs/GaAlAs,  the  emission  yield  is  bet¬ 
ter  modelled  invoking  predominantly  surface  re¬ 
combination  velocity  effects,  whereas  for  L  <  200 
nm  the  data  fit  better  the  limits  set  by  the  bottle¬ 
neck  effect  [4].  Fabrication  techniques  can  induce 
defects  which  are  also  responsible  for  lumines¬ 
cence  degradation.  In  this  paper,  we  report  a 
systematic  study  of  photoluminescence  efficiency 
of  etched  quantum  dots  containing  quantum  wells 
of  different  thickness.  We  find  that  the  lumines¬ 
cence  intensity  dependence  on  dot  diameter  is 
stronger  for  dots  with  thicker  quantum  wells  than 
for  dots  with  thinner  quantum  wells.  Multi¬ 
phonon  processes  are  invoked  to  interpret  reso¬ 
nant  Raman  scattering  (RRS)  from  dots.  Both 
results  lend  support  to  the  bottleneck  effect  and 
indicate  the  importance  of  multiphonon  pro¬ 
cesses  in  the  relaxation  of  hot  carriers  in  nanos¬ 
tructures. 
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Fig.  1.  Photoluminescence  intensity  from  quantum  dots  with 
different  quantum  well  thickness  as  a  function  of  dot  lateral 
size.  Open  circles,  full  squares,  full  circles  and  inverted  open 
triangles  denote  Lz  =  10.7,  6.9,  4.5  and  2.3  nm.  The  intensity 
is  normalised  to  that  of  the  control  areas  for  each  dot  array. 


2.  Photoluminescence  efficiency  in  dry  etched 
quantum  well  dots 

The  quantum  dots  were  fabricated  using  elec¬ 
tron  beam  lithography  and  dry  etch  techniques. 
Single  quantum  wells  with  different  thicknesses 
( Lz )  were  fabricated.  To  reduce  the  lateral  exci- 
ton  localisation  due  to  interface  roughness,  three 
monolayers  of  AlAs  were  grown  on  both  quan¬ 
tum  well  interfaces.  All  wafers  were  fabricated 
and  then  etched  in  the  same  batch  to  minimise 
any  external  uncertainties  involved  in  the  fabrica¬ 
tion  processes.  The  details  of  fabrication  process 
have  been  reported  elsewhere  [4].  Fig.  1  shows 
the  normalised  luminescence  intensity  as  a  func¬ 
tion  of  dot  sizes  for  different  quantum  well  thick¬ 
ness.  It  is  clearly  seen  that  the  luminescence 
intensity  decreases  with  decreasing  dot  lateral 
sizes.  Moreover,  the  PL  intensity  of  dots  contain¬ 
ing  thinner  quantum  wells  (Lz)  is  less  quenched 
than  those  with  larger  L2.  This  can  be  under¬ 
stood  qualitatively  from  electron-LA  phonon 
scattering  processes  in  a  0D  quantum  dot.  The 
strong  quenching  of  the  phonon  scattering  in  0D 
systems  occurs  when  the  phonon  wave  vector  q 
exceeds  ~  27 r/Lv.  Here  Lv  indicates  the  small¬ 
est  of  the  three  quantum  dot  dimensions.  Lz  is 


usually  the  smallest  dimension.  This  indicates  that 
the  coupling  to  a  LA  phonon  with  a  given  energy 
can  be  enhanced  by  decreasing  Lz.  For  an  infi¬ 
nite  quantum  well  potential,  it  can  be  shown  that 
the  lateral  threshold  size  corresponding  to  the 
onset  of  reduced  relaxation  is  proportional  to  the 
^0.5  por  eyen  smaqer  lz  of  real  quantum  wells 
with  finite  potential  barrier,  the  effective  confine¬ 
ment  becomes  weaker  due  to  the  leakage  of  the 
wave  function  into  the  barrier  leading  to  higher 
threshold  again. 

Quantitatively,  we  calculate  the  luminescence 
efficiency  of  a  quantum  dot  with  a  square  flat 
shape  by  studying  the  transition  rates  of  LA 
phonon  scattering  of  two  quantum  dot  levels.  The 
transition  rates  between  two  levels  can  be  taken 
as 
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Here  we  denote  (/,  m,  n)  as  the  standard  quan¬ 
tum  numbers  of  energy  levels  in  this  quantum  dot 
system.  /,  m  and  n  correspond  to  the  quantiza¬ 
tion  in  the  x,  y,  and  z  directions,  respectively. 
D  =  8.6  eV  is  the  deformation  potential,  p  =  5300 
kg/m3  is  the  volume  density  and  cs  =  3700  m/s 
is  the  phonon  sound  velocity  in  GaAs.  Mz(qif)  is 
the  z-component  of  the  matrix  element. 

Again,  it  can  be  seen  that  the  above  theoreti¬ 
cal  consideration  is  based  on  the  comparison 
between  the  phonon  wave  vector  q  —  kE/hcs  and 
the  extent  of  the  Fourier  transform  of  the  wave 
functions,  namely,  ir/Lx ,  Tr/Ly,  ir/Lz.  Quasi¬ 
momentum  conservation  of  phonon  scattering  is 
required  in  order  that  the  matrix  element  is  non¬ 
zero.  For  lateral  confinement  greater  than  the 
characteristic  “phonon  length”  Ll=h/2m*cs 
(Lt  =  1.4  [jl m  for  GaAs),  energy  conservation  re¬ 
quires  q>ir/Lx ,  ir/Ly.  This  means  that  only 
phonons  with  a  large  qz  can  interact  with  the 
carriers.  However,  with  further  confinement,  i.e., 
A E  >  hcsir/Lz  =  0.6  meV,  Mz(q)  will  also  vanish 
since  Mz(q)aq~6,  or  o)ifaLsx,  a  rather  steep 
dependence  when  Lx  is  reduced  for  additional 
lateral  confinement.  This  sets  in  the  quenching  of 
the  luminescence.  In  GaAs,  one  expects  the 
quenching  to  occur  at  (L1LZ)1/2  =  120  nm  in  the 
lateral  dimension  for  a  10  nm  quantum  well.  In 
practice,  the  threshold  sizes  were  taken  to  be 
those  at  which  the  luminescence  efficiency 
dropped  by  two  orders  of  magnitude  with  respect 
to  that  of  a  control  mesa.  Fig.  2  shows  a  compari¬ 
son  of  experimental  data  with  the  theoretical 
calculations.  The  dashed  line  represents  a  theo¬ 
retical  calculation  assuming  a  constant  radiative 
and  non-radiative  lifetime  r  for  different  quan¬ 
tum  well  thickness.  For  larger  Lz  value,  it  shows 
L°z5  dependence  as  predicated  by  theory.  For 
Lz<  2  nm,  the  threshold  starts  to  increase  again 
reflecting  the  weaker  effective  confinement  due 
to  the  wave  function  leakage  in  the  growth  direc¬ 
tion.  However,  the  experimental  results  exhibit  a 
stronger  Lz  dependence,  i.e.,  a  Llz2.  In  the  theo¬ 
retical  model  discussed  above,  we  assume  a  con¬ 
stant  lifetime  for  different  quantum  well  width 
Lz.  This  assumption  is  incorrect.  It  is  well  known 
that  the  exciton  localisation  is  drastically  differ¬ 
ent  for  quantum  well  thickness  ranging  from  2  to 


Quantum  Well  Thickness  Lz  (nm) 

Fig.  2.  The  luminescence  threshold  as  a  function  of  well 
thickness  Lz.  The  dotted  line  is  a  least  squares  fit  to  the 
experimental  data.  The  dashed  line  is  the  theoretical  calcula¬ 
tion  assuming  a  constant  carrier  lifetime.  The  solid  line  is  the 
same  calculation,  assuming  a  carrier  lifetime  t  oc  1  /l?z>  as 
explained  in  the  text. 

10  nm  [6].  The  exciton  localisation  will  in  turn 
affect  its  diffusion.  This  arises  from  the  exciton 
diffusion  coefficient  D  ~  L\  [6].  The  most  impor¬ 
tant  non-radiative  process  in  dry  etched  dots  is 
due  to  exciton  migration  to  the  surface  [4].  The 
interface  exciton  localisation  changes  the  exciton 
diffusion  in  such  a  way  that  it  influences  the 
quantum  dot  carrier  lifetime.  It  is  based  on  these 
arguments  that  the  assumption  of  the  exciton 
radiative  lifetime  r  oc  1  /L\  becomes  reasonable. 
The  solid  line  in  Fig.  2  is  based  on  the  same 
model,  but  assuming  r  a  1  /L\.  It  gives  a  reason¬ 
able  fit  to  the  experimental  data.  This  systematic 
experimental  study  of  luminescence  yield  indi¬ 
cates  the  stronger  quenching  of  luminescence  in 
quantum  dots  with  a  thicker  quantum  well  com¬ 
pared  to  those  with  a  thinner  one,  in  agreement 
with  the  theoretical  predictions  based  on  the  bot¬ 
tleneck  effect. 

3.  Multiple  phonon  relaxation  in  quantum  dots: 
resonant  Raman  scattering  and  hot  exciton 
luminescence  (HEL) 

The  bottleneck  effect  occurs  because  the  en¬ 
ergy  quantisation  forbids  the  first-order  Frohlich 
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Excitation  Energy  (eV) 

Fig.  3.  The  PLE  spectra  of  a  250  nm  dot  array.  The  details  of 
labelling  are  discussed  in  the  text.  The  inset  is  a  blow-up  of 
the  first-order  Raman  line  of  250  nm  dots.  It  can  be  seen 
clearly  that  some  fine  structure  is  superimposed  on  the  inter¬ 
face  (IF)  mode.  This  demonstrates  the  mixing  of  optical 
phonons. 


interactions  which  offer  a  faster  scattering  rate 
(1012  s-1  for  LO  phonon  scattering  as  compared 
to  109  s-1  for  LA  scattering).  Inoshita  and  Sakaki 
[7]  consider  the  multiphonon  processes  in  the 
quantum  dots.  They  emphasised  the  role  of  two- 
phonon  processes  based  on  the  second-order  per¬ 
turbation  method.  For  an  energy  separation  of 
A£>0.5  meV,  2LA  contribution  is  significant 
with  a  relaxation  time  of  the  order  of  10  ns.  For 
\AE  ~  ho)LO\<3  meV,  the  relaxation  time  can 
be  smaller  than  1  ns  incorporating  LO  +  LA  pro¬ 
cesses.  In  other  words,  the  multiphonon  process 
(nLO  ±  LA)  helps  to  create  a  window  of  rapid 
(sub-nanosecond)  relaxation  around  the  longitu¬ 
dinal  optical  phonon  energy. 

Fig.  3  shows  the  PLE  spectra  of  a  250  nm 
quantum  dot  array.  The  quantum  dots  are  fabri¬ 
cated  through  the  same  electron  beam  lithogra¬ 
phy,  but  through  a  deep  dry  etch  process.  The 
side  wall  damage  significantly  reduces  the  effec¬ 
tive  sizes  of  the  dots.  Wang  et  al.  [8]  have  per¬ 
formed  Raman  scattering  to  analyse  the  surface 
dead  layer  thickness  induced  by  the  dry  etch 
processes.  It  was  shown  that  the  top  surface  dam¬ 
age  depth  induced  by  RIE  saturated  at  approxi¬ 
mately  ~  35  ±  5  nm.  The  side  wall  damage,  how¬ 


ever,  arises  from  a  different  mechanism  and  can 
be  three  to  four  times  as  high  as  the  surface  one 
[8].  On  the  basis  of  these  considerations,  the 
“active”  dot  size  in  our  250  nm  dots  is  expected 
to  be  around  2Ra  =  30  ±  10  nm.  Indeed,  the  fact 
that  our  200  nm  dot  array  of  the  same  process  did 
not  show  any  detectable  photoluminescence  sig¬ 
nal  reveals  the  existence  of  a  dead  layer  in  these 
samples.  Heitmann  et  al.  [9]  also  reported  a  simi¬ 
lar  dry  etch  damage  depth  in  their  quantum  wires 
fabricated  under  similar  conditions. 

We  modelled  the  0D  exciton  states  in  a  cylin¬ 
drical  quantum  disk  structure.  Without  Coulomb 
interaction,  the  wave  function  of  the  electron- 
hole  pair  can  be  written  as 


0«m/aCOS(Me)  CO&(khZh)Jl(rcPc) 

X/,OhPh)  e""'  ei/(\  (3) 

where  J  is  the  Bessel  function  describing  the 
lateral  wave  function  of  carriers,  k  is  the  z  direc¬ 
tion  quantised  wave  vector,  r  is  the  lateral  wave 
vector,  and  /  is  an  integer  due  to  rotational 
invariance  of  the  wave  function.  Subscripts  e  and 
h  refer  to  electrons  and  holes.  Based  on  the 
complete  separation  of  vertical  and  lateral  wave 
functions,  the  system  eigenenergy  is  given  by: 


h2rml 

E0  =  En+Eml  =  En+  —  + 


h2Kj 
2  M  ' 


(4) 


Here  fx  is  the  reduced  mass  and  M  the  centre 
mass  of  electron-hole  pairs.  The  system  can  be 
described  more  accurately  by  taking  into  account 
Coulomb  interactions.  The  0D  exciton  eigenen¬ 
ergy  then  is  EQX  =  E0-EB,  where  EB  is  the  bind¬ 
ing  energy  of  0D  excitons.  Assuming  a  40  nm 
diameter  dot,  the  first  three  lateral  subband  ener¬ 
gies  of  n  =  1  ground  state  are  calculated  to  be 
Em0  =  9.25,  48.75  and  119.8  meV.  The  calculated 
ground  state  energy  using  the  above  model  is  in  a 
good  agreement  with  experiments  which  shows  a 
9.04  meV  blue  shift  as  compared  with  the  starting 
material.  The  light  hole  transition  observed  in 
Fig.  3  for  250  nm  dots  is  very  weak.  This  could  be 
due  to  the  unfavourable  selection  rules  for  the 
light  holes  in  ID  and  0D  system,  or  it  could  be 
due  to  the  side  wall  non-radiative  recombination. 
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The  striking  sharp  features  in  the  PLE  spectra 
in  Fig.  3  are  the  four  series  of  oscillatory  struc¬ 
tures  labelled  An,  Bn,  Cn  and  D„.  When  the 
detector  is  scanned  across  the  whole  heavy  hole 
(hh)  exciton  resonance  region,  all  of  the  oscilla¬ 
tory  peaks  shift  simultaneously  such  that  their 
corresponding  energy  spacing  is  maintained  at 
36.5  meV.  Series  An  and  B„  extrapolate  directly 
to  the  detection  energy,  while  Cn  extrapolates  9.8 
meV  higher,  roughly  at  the  light  hole  (lh)  peak 
position  of  the  spectrum  of  250  nm  dot  arrays. 
This  is  discussed  below.  Series  D„  has  a  36.5  meV 
period  with  Dx  33.4  meV  above  the  detector 
energy.  The  inset  of  Fig.  3  shows  the  A1  peak 
which  comprises  a  sharp  LO  phonon  mode  and 
the  interface  phonon  mode. 

From  the  above  discussion,  it  is  clear  that  the 
An  series  corresponds  to  the  LO  phonons.  The 
series  is  related  to  TO  phonons.  These  two 
series  arise  from  either  RRS  or  HEL  processes. 
There  has  been  long  debate  over  whether  these 
lines  belong  to  HEL  or  RRS.  RRS  is  a  coherent 
process  within  the  exciton  dephasing  time  involv¬ 
ing  virtual  intermediate  states,  whereas  HEL  is 
an  incoherent  process  involving  the  indirect  cre¬ 
ation  of  excitons  with  large  K  vector  and  subse¬ 
quent  relaxation  through  LO-phonon  emission. 
In  other  words,  the  main  difference  between  the 
RRS  and  HEL  is  that  in  the  latter  case,  the 
relaxation  is  scattered  through  real  exciton  states 
in  accordance  with  the  energy  and  momentum 
(wave  vector)  conservation  laws,  whereas  in  the 
former  case  the  excitons  take  part  only  as  virtual 
immediate  states.  The  separate  electron  and  hole 
relaxation  processes  are  rule  out  here  since  they 
will  give  an  oscillation  period  corresponding  to 
T=ho)LO(  1  +  me/mh),  i.e.,  42-44  meV  in  GaAs 
system.  Series  B„  and  Cn  are  assigned  to  hot 
exciton  luminescence  or  the  multiphonon  cascade 
of  excitons  with  the  thermalised  steady  state  dis¬ 
tributions.  The  other  evidence  for  this  quasi-equi¬ 
librium  energy  distribution  can  be  seen  more 
clearly  by  examining  the  Bx  emission:  B1  has  a 
high  energy  tail.  This  line  shape  represents  the 
Maxwellian  type  of  acoustic  phonon  assisted  ther- 
malisation  since  the  first-order  LO  phonon  cou¬ 
pling  is  forbidden.  The  peak  position  of  the  Bn 
series  can  be  written  as  E  =  EQX  +  ho)LO  + 


h2q2 /2M  due  to  this  additional  acoustic  phonon 
thermalisation.  Here,  qaB  ~  1  since  aB ,  the  exci¬ 
ton  Bohr  radius,  is  a  measure  of  the  range  of  the 
potential  well  which  binds  the  exciton.  The  calcu¬ 
lated  peak  position  is  about  0.65  meV  above  the 
strong  phonon  series,  in  quite  good  agreement 
with  experiment. 

As  shown  from  energy  calculations  of  Eq.  (4), 
the  separation  of  energy  levels  matches  nLO  ± 
LA  phonon  scattering  windows,  e.g.,  multiphonon 
processes  in  250  nm  dots  involve  virtual  state 
transitions  ( E30  —  E2q  ~  2LO  +  LA).  They  may  be 
therefore  more  accurately  described  by  RRS  in¬ 
volving  high-order  scattering.  We  only  calculate 
/  =  0  related  states,  there  is  a  series  of  additional 
l  related  states  to  increase  the  multiphonon  re¬ 
laxation  probabilities.  Multiple  phonon  processes 
contribute  to  quantum  dot  luminescence  when 
quantized  levels  in  0D  dots  are  appropriately 
spaced  to  match  the  rapid  carrier  relaxation  win¬ 
dows. 


4.  Exciton  confinement  in  quantum  dots 

Usually  HEL  has  been  observed  in  wide-gap 
II-VI  semiconductors  [10]  among  other  systems. 
Recently,  similar  HEL  or  multiple  phonon  RRS 
has  been  observed  in  III-V  low-dimensional 
semiconductor  structures  such  as  coupled  quan¬ 
tum  wells  [11],  multiple  quantum  wells  [12]  and 
corrugated  superlattice  [13].  In  a  0D  quantum  dot 
system  strong  localisation  of  excitons  is  present 
due  to  the  3D  confinement  barrier.  Such  localisa¬ 
tion  of  excitons  is  equivalent  to  the  bottleneck 
effect  which  arises  from  the  3D  quantum  confine¬ 
ment.  The  strong  localisation  and  high  binding  of 
excitons  can  also  be  demonstrated  by  their  tem¬ 
perature  dependence.  The  sharp  multiphonon 
lines  in  250  nm  dots  persist  up  to  30-35  K.  In  a 
3D  system,  the  sharp  lines  disappear  after  8  K  as 
demonstrated  by  Cohen  and  Sturge  [14]  in  their 
CdS^Se^^  system.  The  acoustic-phonon-assisted 
hopping  process  diminishes  after  excitons  can  be 
thermalised  above  the  mobility  edge  (delocalised 
state).  In  a  2D  system,  the  multiphonon  lines  or 
RRS  disappear  above  15-20  K,  demonstrating 
weaker  binding  of  excitons.  Apart  from  the  tern- 
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perature  dependence,  the  damping  characteris¬ 
tics  of  the  sharp  phonon  line  observed  in  PLE 
provides  an  estimate  of  the  localisation  potential. 
For  the  250  nm  dots  with  effective  radius  of 
15  ±  5  nm,  the  localisation  energy  can  be  esti¬ 
mated  to  be  >100  meV.  Exciton  localisation  also 
manifests  itself  experimentally  in  the  Stokes  shift 
between  the  absorption-  and  emission-related 
transition.  The  Stokes  shift  ranges  from  1.3  meV, 
through  3.01  meV  to  4.43  meV  in  500,  300  and 
250  nm  dots  as  compared  to  0.5  meV  in  a  control 
sample,  demonstrating  the  increasing  exciton  lo¬ 
calisation  with  reduction  in  dimensionality. 


5.  Conclusion 

In  conclusion,  the  poor  luminescence  of  quan¬ 
tum  dots  is  attributed  to  inefficient  energy  relax¬ 
ation.  The  experimental  studies  on  luminescence 
reported  here  add  support  to  this  interpretation. 
Multiphonon  relaxation  can  help  carriers  to  relax 
efficiently.  Recently,  Bockelmann  and  Egeler  [15] 
consider  the  Coulomb  scattering  (Auger  effect)  in 
high  density  electron-hole  plasma  as  an  efficient 
carrier  relaxation  mechanism.  A  high  plasma 
density  of  1012  cm"2  is  quite  usual  in  laser  opera¬ 
tion.  They  show  that  the  electron  scattering  rate 
can  be  comparable  to  the  LO  scattering  (1012 
s"1).  Therefore,  whether  the  acoustic  phonon 
related  bottleneck  effect  limits  the  performance 
of  quantum-dot-based  optoelectronic  devices  re¬ 
mains  to  be  seen.  The  multiphonon  processes 
also  point  to  the  strong  localisation  of  excitons 
due  to  the  three-dimensional  quantum  confine¬ 
ment  in  the  0D  system.  The  decrease  in  emission 
yield  from  quantum  dots  with  decreasing  quan¬ 
tum  well  thickness  is  the  clear  demonstration  of 
the  slower  acoustic  phonon  scattering  rate  in  0D, 
in  good  agreement  with  theoretical  predictions 
[16]. 
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Abstract 

Shallow  etched  wires,  dots  and  antidots  have  been  prepared  from  remote-doped  GaAs/AlGaAs  quantum  wells. 
The  luminescence  of  electrons  and  holes  separated  into  adjacent  lateral  regions  was  studied  with  a  magnetic  field 
applied  in  the  growth  direction.  The  spatially  indirect  luminescence  was  found  to  shift  in  energy  and  become  direct 
at  high  magnetic  fields.  Details  of  the  shape  of  the  confinement  potential  were  obtained  by  simulating  the  energy 
shift  numerically. 


In  recent  years  a  great  effort  has  been  under¬ 
taken  to  explore  the  basic  properties  of  semicon¬ 
ductor  nanostructures.  In  periodically  modulated 
structures  the  application  of  magnetic  fields  is 
widely  used,  which  results  either  in  new  phenom¬ 
ena  such  as  edge  magnetoplasmons  [1]  and  reso¬ 
nances  in  magnetoresistance  due  to  classically 
closed  orbits  [2],  or  yields  insight  into  the  proper¬ 
ties  of  the  lateral  confinement.  The  interaction  of 
the  magnetic  field  with  the  confining  electric  field 
leads  to  a  hybridization  and  a  shift  of  the  one-di¬ 
mensional  subband  energies,  which  can  be  de¬ 
tected  by,  for  example,  magnetic  depopulation 
[3],  magnetoluminescence  [4,5],  magnetotunneling 
[6]  and  magnetophonon  resonances  [7].  These 
experiments  give  information  on  the  strength  of 
the  lateral  confinement  potential,  but  a  parabolic 
model  is  often  assumed  for  its  shape. 
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In  this  paper  we  study  the  magnetic  field  be¬ 
haviour  of  plasma-like  and  excitonic  spatially  di¬ 
rect  photoluminescence  (PL),  as  well  as  the  spa¬ 
tially  indirect  luminescence  of  shallow  etched 
wires,  dots  and  antidots.  We  simulate  the  indirect 
PL  spectra  numerically  and  find  that  the  energy 
shift  with  magnetic  field  is  strongly  dependent  on 
the  shape  of  the  confining  potential. 

Remote-doped  GaAs /AlGaAs  single  quantum 
well  samples  grown  by  molecular  beam  epitaxy 
were  used  for  the  preparation  of  shallow  etched 
nanostructures.  A  typical  layer  sequence  con¬ 
sisted  of  an  80  A  GaAs  quantum  well  grown  on  a 
GaAs/Al04Ga06As  superlattice,  followed  by  a 
200  A  undoped  Al04Ga06As  spacer  layer,  a  500 
A  thick  Si-doped  Al04Ga06As  layer  (ND  =  2X 
1018  cm-3)  and  a  100  A  GaAs  cap  layer.  The 
corresponding  electron  density  and  mobility  of 
the  2DEG  at  4.2  K  under  illumination  were  6.5  X 
10 11  cm-2  and  265000  cm2/V  *  s,  respectively.  In 
order  to  create  a  photoresist  pattern  with  a  typi- 
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cal  period  of  a  =  500  nm,  holographic  lithogra¬ 
phy  was  applied.  The  wire,  dot  or  antidot  struc¬ 
ture  was  transferred  into  the  sample  with  a  wet 
chemical  Na0H/H202/H20  etchant.  The  etch 
process  was  stopped  inside  the  AlGaAs  spacer 
layer,  so  that  surface  defects  were  separated  by 
more  than  100  A  from  the  active  GaAs  quantum 
well.  The  induced  potential  modulation  in  the 
structured  samples  separated  the  carriers  later¬ 
ally.  The  electrons  occupy  the  area  of  the  conduc¬ 
tion  band  minima  below  the  unetched  regions, 
while  the  laser-induced  holes  accumulate  in  the 
valence  band  maxima  below  the  etched  regions. 
The  width  of  the  conducting  electron  channel  was 
monitored  during  etching  via  the  resistance  of  the 
electron  gas  at  room  temperature.  The  lateral 
quantization  of  the  nanostructured  samples  was 
verified  by  magnetic  depopulation  [6]  under  laser 
illumination  at  1.5  K.  We  observed  that  the  Fermi 
energy  was  not  reduced  within  the  wires,  and  find 
an  electronic  subband  spacing  due  to  lateral 
quantization  to  be  about  2  meV  near  the  Fermi 
energy.  The  optical  measurements  were  per¬ 
formed  with  a  Dilor  triple-grating  spectrometer 
with  a  multichannel  detector  system  and  an  opti¬ 
cal  fibre  110  pm  in  diameter  at  T  =  1.5  K.  The 
PL  was  excited  typically  at  a  wavelength  of  700 
nm.  The  magnetic  field  was  aligned  along  the 
growth  direction. 

For  shallow  etched  quantum  wires,  dots  and 
antidots,  three  types  of  luminescence  features 
could  be  observed,  as  sketched  in  the  inset  of  Fig. 
1.  Their  basic  properties  are  discussed  in  Ref.  [8]. 
The  indirect  luminescence  was  observed  in  quan¬ 
tum  wires  and  dots,  as  well  as  antidots.  This  is 
due  to  spatially  indirect  transitions  of  the  sepa¬ 
rated  carriers  with  a  low  transition  probability  as 
a  consequence  of  the  low  overlap  of  the  wave- 
functions.  The  other  types  of  recombinations  are 
both  direct  in  real  space  and  involve  hot,  laser¬ 
generated  carriers  with  a  lower  occupation  den¬ 
sity,  but  a  much  larger  overlap  compared  to  the 
states  involved  in  indirect  transitions.  Below  the 
etched  areas  with  low  carrier  densities,  excitonic 
transitions  take  place  which  lead  to  a  sharp  lumi¬ 
nescence  peak.  From  the  regions  with  high  elec¬ 
tron  density  below  the  unetched  areas,  a  plasma¬ 
like  luminescence  is  emitted  whose  width  is  given 
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Fig.  1.  PL  spectra  of  a  wire  sample  of  period  a  =  500  nm  at 
various  magnetic  fields. 

by  the  Fermi  energy  and  whose  onset  is  red- 
shifted  with  respect  to  the  exciton  because  of 
bandgap  renormalization.  Under  standard  condi¬ 
tions  (excitation  densities  below  100  mW/cm-2, 
without  magnetic  field)  the  excitonic  lumines¬ 
cence  is  observed  in  quantum  wires  and  dots 
while  the  plasma  luminescence  can  be  seen  only 
in  antidots. 

Fig.  1  shows  the  PL  spectra  of  a  quantum  wire 
sample  of  500  nm  period  for  magnetic  fields  of 
1-12  T.  The  broad  low-energy  luminescence  due 
to  spatially  indirect  recombinations  is  located  at 
energies  below  the  fundamental  gap  of  the  well  at 
zero  magnetic  field.  The  peak  position  stays  al¬ 
most  constant  up  to  1.5  T,  then  increases  rapidly 
and  shifts  finally  with  a  smaller  slope  above  6  T. 
The  excitonic  luminescence  reveals  a  rather  mod¬ 
erate  shift  and  gains  in  intensity  with  respect  to 
the  indirect  one. 

Fig.  2  shows  the  peak  positions  as  a  function  of 
magnetic  field  of  the  spectra  in  Fig.  1  and,  in 
addition,  the  indirect  peaks  of  two  further  sets  of 
spectra  recorded  at  different  laser  excitation  den¬ 
sities.  The  indirect  transition  energies  shift  with 
increasing  excitation  upwards  because  additional 
carriers  flatten  the  potential  modulation  due  to 
electrostatic  screening.  The  dependence  on  mag¬ 
netic  field  is  determined  by  the  localization  of  the 
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Fig.  2.  Peak  positions  of  excitonic  as  well  as  indirect  lumines¬ 
cence  for  various  excitation  densities  with  70  ~  16  mW  cm-2. 


wavefunctions  by  the  applied  field.  Up  to  1.5  T 
all  three  data  sets  reveal  almost  constant  transi¬ 
tion  energies  due  to  the  fact  that  the  overlap  and 
the  position  of  the  PL  maximum  is  determined 
entirely  by  the  lateral  confinement.  The  relevant 
length  scales  are  the  width  of  the  cyclotron  wave- 
function  at  £F  with  a  value  of  about  300  nm  at  1 
T  as  typical  magnetic  length  which  is  larger  than 
the  spatial  separation  of  electrons  and  holes, 
which  depends  on  the  potential  shape.  With  a 
further  increase  in  B ,  the  magnetic  localization 
starts  to  dominate,  such  that  only  holes  closer  to 
the  walls  and  therefore  higher  in  energy  have 
reasonable  overlap  with  the  electrons  at  the  Fermi 
energy.  The  luminescence  peak  shifts  upwards. 
At  fields  above  6  T  the  parabolic  magnetic  poten¬ 
tial  dominates.  The  shift  exhibits  a  slope  close  to 
\ho)'ced  «ed  =  eB(l/m*e  +  l/m*h)),  as  the  tran- 
sitions  are  almost  direct  at  such  high  fields.  The 
different  steepnesses  for  the  three  excitation  den¬ 
sities  shift  the  vertex  of  the  magnetic  parabola 
which  causes  the  observed  shift  in  the  transition 
energies.  The  excitonic  peak  energies  vary  only 
negligibly  with  excitation  density.  The  excitonic 
luminescence  shifts  upwards  by  4.2  meV  at  12  T 
as  observed  also  for  the  unstructured,  homoge¬ 
neously  etched  reference  sample.  The  solid  line 
gives  the  diamagnetic,  quadratic  shift  using  the 
equation  in  Ref.  [9]  (cgs  units): 


with  the  reduced  exciton  mass  ju,*  and  a  parame¬ 
ter  D2  related  to  the  exciton  dimensionality.  With 
the  experimentally  determined  proportionality 
constants  for  a  75  A  GaAs/Ga0  .65  Al  0  35  As  well 
of  Ref.  [9],  we  get  good  agreement  with  our 
experimental  values.  A  very  similar  behaviour  of 
indirect  and  excitonic  recombinations  is  found  for 
dots  and  antidots.  Antidots  always  reveal,  in  con¬ 
trast  to  wires  and  dots,  a  plasma  luminescence 
which  splits  above  2  T  into  a  Landau  ladder  with 
up  to  five  branches.  The  transitions  are  allowed 
transitions  with  the  same  Landau  level  quantum 
number  for  electrons  and  holes  at  a 

sample  temperature  of  T=  1.5  K.  In  the  as-grown 
samples,  such  Landau  level  number-conserving 
transitions  are  observed  only  at  higher  tempera¬ 
tures  ( T  >  40  K).  At  T  =  1.5  K  as-grown  samples 
exhibit  only  transitions  with  =  0  because  hole 
states  with  higher  n £  are  not  thermally  occupied. 
The  plasma  luminescence  in  antidots,  conse¬ 
quently,  is  due  to  hot  holes. 

For  a  more  quantitative  understanding  of  the 
behaviour,  we  simulate  the  spectra  numerically. 
A  purely  two-dimensional  system  with  a  periodic 
lateral  wire  confinement  V(x\  free  motion  in 
y-direction  and  the  magnetic  field  perpendicular 
to  the  two-dimensional  system  is  assumed.  In 
Landau  gauge  with  the  vector  potential  A  = 
B( 0,  x,  0)  and  the  Ansatz  ty(x,  y )  =  elkyy<p(x), 
the  Schrodinger  equation  becomes: 


[_  JlJll 

\  2m*  dx2 


m*hi2 


-x0)2  +  V(x) 


cp(x) 


=  E(p(x), 


(1) 


with  the  effective  mass  m*,  the  cyclotron  fre¬ 
quency  o)c  =  eB/m*,  and  the  centre  coordinate 
of  the  magnetic  parabola  x0  =  hky/eB.  We  choose 
the  potential  V(x)  of  the  form: 


v0  v0  r  / 

V(x)  = - sin  N  arctan  <t 

2  2  \ 


a  a 

for  -  -  <x  <  — 
4  4 


(2) 


with  V0  being  the  total  modulation  amplitude,  a 
a  parameter  describing  the  steepness  of  the  walls 
and  N  =  tt/2  arctan  _10/4)  a  normalization  fac¬ 
tor.  The  limit  a  0  results  in  a  sinusoidal  poten- 
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Fig.  3.  Experimental  (filled  circles)  and  simulated  (lines)  indi¬ 
rect  peak  positions  relative  to  the  fundamental  gap  as  a 
function  of  magnetic  field.  The  insets  are  calculated  for  the 
parameters  of  the  best  fit  and  show  the  wavefunctions  giving 
maximum  transition  probability. 

tial,  <j  -» oo  in  a  rectangular  one.  For  other  values 
of  x ,  V(x )  is  determined  by  successively  mirror¬ 
ing  at  values  a/4  +  /  •  a/2  (l  integer).  To  obtain 
the  PL  spectra,  Eq.  (1)  is  discretized  for  electrons 
and  holes  and  the  matrix  eigenvalues  problem  is 
solved  on  a  grid  of  typically  200  points.  For  the 
determination  of  the  occupation  probability  a 
Fermi-Dirac  distribution  is  assumed  for  elec¬ 
trons  and  a  Boltzmann  distribution  for  holes. 
Thus  hot  carriers  are  neglected  and  no  significant 
structure  due  to  direct  transitions  is  found.  The 
parameters  for  the  effective  masses  ra*e  = 
0.075m0  and  m*h  =  0.23ra0  are  determined  ex¬ 
perimentally  from  as-grown  samples  [10].  To  cal¬ 
culate  the  spectra  for  nonzero  magnetic  fields, 
the  spectra  of  a  large  number  of  the  centre  coor¬ 
dinates  x0  within  half  a  period  (symmetry)  are 
added.  Due  to  conservation  of  ky  in  optical  tran¬ 
sitions,  the  same  values  of  x0  have  to  be  used  for 
electrons  and  holes. 

The  insets  in  Fig.  3  show  the  electron  and  hole 
wavefunction  giving  maximum  transition  rate,  to¬ 
gether  with  the  corresponding  total  potential  for 
three  values  of  B.  The  position  of  the  corre¬ 
sponding  vertex  of  the  magnetic  parabola  x™*  is 
indicated  by  a  dotted  vertical  line.  The  dashed 
lines  denote  the  pure  electrostatic  potential,  the 
solid  lines  the  sum  of  electrostatic  plus  magnetic 


one  with  a  different  curvature  for  electrons  and 
holes  due  to  the  different  effective  masses.  For 
all  values  of  B ,  electron  states  near  the  Fermi 
energy  exhibit  the  largest  overlap  with  the  spa¬ 
tially  separated  holes  because  they  penetrate 
deeper  into  the  barrier.  At  B  —  0.5  T,  the  total 
potential  differs  only  slightly  from  the  electro¬ 
static  confinement.  As  the  occupation  density  of 
the  holes  decreases  exponentially  with  increasing 
hole  energy,  holes  low  in  energy  but  with  still 
sufficient  overlap  yield  highest  transition  rates. 
The  increasing  magnetic  field  starts  to  squeeze 
the  wavefunction  spatially,  thus  reducing  the 
overlap  such  that  hole  states  closer  to  the  walls 
and  higher  in  energy  are  favoured  although  their 
occupation  density  is  smaller.  The  PL  peak  shifts 
to  higher  energies  and  the  PL  intensity  decreases, 
ft  is  clear  that  the  extent  of  the  shift  depends 
especially  on  the  steepness  of  the  walls.  In  the 
case  of  a  rectangular  confinement  for  example  an 
increase  of  hole  energy  will  have  a  rather  small 
effect  on  the  overlap  with  respect  to  smoother 
potential  shapes.  At  8  T,  the  total  potential  is 
almost  completely  determined  by  the  magnetic 
term  and  the  bandgap  is  almost  direct,  such  that 
the  behaviour  is  similar  to  2D  Landau  levels  with 
a  slope  close  to  \ha)x/d.  The  steepness  of  the  wall 
results  in  a  shift  of  the  vertices  of  the  magnetic 
parabolas  which  shifts  the  PL  maxima  to  lower 
energies  (see  Fig.  2). 

Fig.  3  shows  the  indirect  peak  positions  of  Fig. 
1  relative  to  the  fundamental  gap  of  the  80  A  well 
as  well  as  the  simulated  peak  positions  without 
lateral  confinement,  for  a  sinusoidal  potential 
(a  ->  0),  a  potential  of  the  shape  of  Eq.  (2)  with  a 
steepness  of  a  —  9.5  and  an  almost  rectangular 
confinement  with  <r  =  50.  The  confinement  po¬ 
tentials  are  also  depicted.  For  the  2D  case  as  test 
potential,  the  simulated  luminescence  maximum 
at  B  =  0  T  is  equal  to  the  gap  and  shifts  like  the 
difference  of  ground  electron  and  hole  Landau 
levels,  as  expected.  For  the  other  three  potential 
shapes  the  total  modulation  amplitude  V0  is  cho¬ 
sen  to  give  the  experimental  peak  position  at 
B  =  0  T  resulting  in  V0  =  33.7  meV  for  the  sinu¬ 
soidal  (a  ->  0)  as  well  as  the  a  =  9.5  case  and 
V0  =  31  meV  for  cr  =  50.  The  modulation  ampli¬ 
tude  is  smaller  for  the  almost  rectangular  case, 
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because  the  lowest-energy  holes  already  have  a 
large  overlap,  and  electrons  below  the  Fermi 
energy  with  an  occupation  probability  of  1  have 
almost  the  same  overlap  compared  to  states  at 
EF  with  occupation  probability  of  0.5.  The  transi¬ 
tion  of  the  luminescence  from  an  indirect  type  at 
low  fields  to  a  direct  one  at  high  fields  is  much 
slower  for  a  more  rectangular  shape,  because  the 
spatial  separation  of  electrons  and  lowest  energy 
holes  is  already  rather  small  at  low  fields.  The 
best  fit  of  our  model  to  the  experimental  data  in 
Fig.  3  results  in  a  confinement  potential  with 
o-  =  9.5  ±  2  and  V0  =  (33.7  ±  2)  meV.  cr  and  V0 
are  here  the  only  fitting  parameters;  all  other 
parameters  such  as  the  Fermi  energy  £F  =  21.3 
meV  and  the  carrier  temperature  Te  =  Th  =  5  K, 
are  extracted  from  experimental  data  (see  also 
Ref.  [10]).  The  adjacent  lateral  confinement  po¬ 
tential  exhibits  much  steeper  walls  compared  to  a 
purely  sinusoidal  potential,  but  also  a  much  flat¬ 
ter  bottom  part  compared  to  a  parabolic  confine¬ 
ment.  From  self-consistent  calculations  of  quan¬ 
tum  wires,  such  as  those  of  Laux  et  al.  [11],  it  is 
known  that  when  starting  with  a  parabolic  con¬ 
finement  without  carriers,  an  increase  in  electron 
density  leads  to  a  flattening  of  the  bottom  of  the 
parabola  and  to  steeper  walls.  The  potential  shape 
determined  here  is  in  good  qualitative  agreement 
with  such  calculations. 

The  analysis  shows,  that  for  the  determined 
potential  shape,  15  electron  subbands  are  occu¬ 
pied  with  a  subband  spacing  increasing  from  0.8 
meV  for  the  lowest  electron  states  to  1.7  meV 
close  to  the  Fermi  energy.  These  values  are  con¬ 
sistent  with  magnetotransport  experiments  where 
we  obtain  a  subband  spacing  at  the  Fermi  energy 
of  about  2  meV  under  similar  conditions.  The 
hole  subband  spacing  is  smaller  due  to  the  higher 
effective  mass  and  is  increasing  from  0.4  to  0.9 
meV  at  a  hole  energy  of  21  meV.  Due  to  the 
large  number  of  occupied  subbands,  we  expect 
only  a  small  variation  in  the  confinement  poten¬ 
tial  with  magnetic  field  due  to  electron  redistribu¬ 
tion  and  neglect  it  in  our  model.  Furthermore, 
the  slope  of  the  walls,  which  determines  the  indi¬ 
rect  peak  position  predominantly,  remains  con¬ 
stant  if  the  number  of  electrons  is  not  modified. 
A  fit  to  the  experimental  data  for  different  exci¬ 


tation  conditions  presented  in  Fig.  2  confirms  the 
variation  of  the  modulation  amplitude.  We  obtain 
28.7  and  38.2  meV  for  the  highest  and  the  lowest 
excitation  densities,  respectively.  A  systematic 
variation  of  a  is  not  observed  indicating  only 
small  changes  in  the  electron  carrier  density. 

We  also  investigated  samples  with  a  smaller 
Fermi  energy,  EF  =  15.6  meV,  where  we  find  for 
all  recorded  laser  excitations  also  a  varying  modu¬ 
lation  amplitude,  but  an  almost  independent 
steepness  parameter,  cr  =  3.7  ±  1.  The  potential  is 
therefore  more  sinusoidal  than  that  of  the  sample 
with  Ef  =  21.3  meV.  To  investigate  the  influence 
of  the  width  of  etched  or  unetched  regions  on  the 
positions  of  the  maxima,  simulations  are  per¬ 
formed  for  potentials  with  other  periods  a ,  but 
very  similar  wall  shapes.  The  deviation  of  the 
calculated  energy  positions  is  small  and  of  the 
same  magnitude  as  the  deviation  of  the  wall 
shapes.  Our  method  is  therefore  sensitive  to  the 
wall  properties,  but  rather  insensitive  to  the  width 
of  the  confining  potential.  Detailed  information 
on  the  width  has  to  be  extracted  from  other 
experiments  such  as  magnetic  depopulation  or 
confined  plasmons  [12]. 

In  conclusion,  magnetoluminescence  provides 
insight  into  the  basic  properties  of  the  three  types 
of  luminescence  features  observed  in  wires,  dots 
and  antidots.  The  shift  of  the  indirect  lumines¬ 
cence  is  a  consequence  of  magnetic  localization 
and  allows  us  to  extract  details  of  the  lateral 
confinement.  The  excitonic  luminescence  reveals 
a  rather  moderate  shift  that  is  well  described  as  a 
diamagnetic  excitonic  shift.  The  plasma  lumines¬ 
cence  in  antidots  splits  into  a  Landau  ladder  and 
is  due  to  a  non-thermalized  hole  distribution. 
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Abstract 

We  study  the  electronic  states  of  an  exciton  coupled  to  interacting  electrons  in  a  quantum  dot  in  a  strong 
magnetic  field.  The  exciton  is  composed  of  a  localized  valence  hole  and  a  photoexcited  electron.  The  exciton  is 
strongly  coupled  to  the  electron  system  because  the  hole  binds  a  photo-excited  electron  and  one  of  the  electrons 
from  the  quantum  dot.  Detailed  calculations  for  an  exciton  coupled  to  one-  and  two-electron  dots  are  presented. 


1.  Introduction 

Quantum  dots  are  artificial  atoms  created  in 
semiconductor  heterostructures  by  laterally  con¬ 
fining  a  few  two-dimensional  electrons  [1-3].  The 
role  of  electron-electron  interactions  in  para¬ 
bolic  quantum  dots  has  been  recently  studied  by 
several  authors  [4-6].  As  a  result  of  the  competi¬ 
tion  of  kinetic,  Zeeman,  and  electron-electron 
interaction  energies,  both  the  spin  and  the  angu¬ 
lar  momentum  of  the  ground  state  of  the  electron 
system  change  with  increasing  magnetic  field 
through  a  series  of  “magic  numbers”.  We  have 
shown  recently  [6]  that  the  sequence  of  different 
ground  states  leads  to  discontinouous  shifts  of  the 
acceptor-related  recombination  spectrum.  The 
size  and  the  sign  of  the  discontinuity  are  direct 
measures  of  electron-electron  and  final  state  in¬ 
teractions.  This  is  possible  because  of  the  charge 
neutrality  of  the  photoexcited  acceptor.  Here  we 
study  in  detail  the  effect  of  the  attractive  valence 
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hole  potential  on  the  spectrum  of  the  photoex¬ 
cited  system. 


2.  The  model 


We  consider  a  two-dimensional  quantum  dot 
containing  N  electrons.  In  the  interband  absorp¬ 
tion  process  an  electron-valence  hole  pair  is  cre¬ 
ated.  We  consider  a  model  where  an  electron  is 
added  to  the  dot  while  a  valence  hole  is  localized 
in  the  centre  of  the  dot.  The  final-state  Hamilto¬ 
nian  of  the  dot  plus  an  electron-hole  pair  de¬ 
scribes  a  system  of  N  +  1  electrons  with  mass  m 
confined  by  a  parabolic  potential  with  a  charac¬ 
teristic  energy  w0  in  a  magnetic  field  B  normal  to 
the  plane  of  the  dot  interacting  with  the  attrac¬ 
tive  valence  hole  potential: 


H  = 


2 


+  \m(o\rf  +  gnBS‘z  — 
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N+ 1  p2 

+  E  TT^h'  (1) 

i<j;i,j=  1  6olr/  rj\ 

The  vector  potential  is  given  in  the  symmetric 
gauge  A  =  (BXr)/2,  e0  is  the  background  di¬ 
electric  constant,  and  g  is  the  effective  g-factor. 
We  take  h  —  1. 

In  order  to  diagonalize  the  single-particle 
Hamiltonian  of  the  dot,  we  introduce  a  pair  of 
harmonic  oscillator  lowering  (raising)  operators 
( a,b )  for  each  particle,  e.g.: 

z  =  {a+b  +  ){ilJm  and  3Z  =  ( b  -  a  +  )^2£l/ll , 

where  z  =  (x-iy)/2,  l0  =  l/(ma)c)1/2  is  the 
magnetic  length,  coc  is  the  cyclotron  energy  and 
f}  =  (1  +  (2  (o0/o)c)2)l/2.  The  single-particle 
Hamiltonian  for  an  electron  in  the  dot  reduces  to 
the  Hamiltonian  of  a  two-dimensional  harmonic 
oscillator  with  eigenenergies  =  t2+(N  + 

l/2)  +  /2_(M+ 1/2),  eigenstates  j  M,N)  given 
by  |  M,N)  -  (b+)M(a+)N  \  and 

two  frequencies  =  {ywj+ +  (-)<oc}/ 

2.  The  many  electron  states  can  be  classified  by  a 
total  spin  S ,  its  projection  5Z,  and  the  z-compo- 
nent  of  the  total  angular  momentum  R  =  I '{Mi  — 
Af).  In  the  initial  state  (no  valence  hole)  the 
relative  motion  and  the  center  of  mass  motion 
(CM)  can  be  separated.  Only  the  relative  motion 
is  affected  by  the  electron-electron  interactions. 
The  construction  of  the  many  electron  states  from 
the  product  of  spin  and  harmonic  oscillator  states 
for  N  electrons  is  accomplished  by  a  generalized 
Jacobi  transformation  into  harmonic  oscillator 
states  describing  N  -  1  degrees  of  freedom  of  the 
relative  motion  of  electrons.  These  states  trans¬ 
form  according  to  the  (. N  -  l)-dimensional  repre¬ 
sentation  of  the  group  of  permutations  SN .  This 
procedure  was  described  in  Ref.  [6].  In  the  final 
state  we  carry  out  an  identical  procedure  for  the 
(Af  +  l)-electron  system  in  the  presence  of  the 
valence  hole  potential.  The  valence  hole  potential 
couples  CM  and  relative  motion  of  all  N  +  1 
electrons  in  the  quantum  dot.  The  energy  spec¬ 
trum  of  final  and  initial  Hamiltonian  is  diagonal¬ 
ized  numerically  for  each  value  of  the  total  angu¬ 
lar  momentum  R  using  correlated  states  as  a 
basis.  The  confining  potential  is  (o0  —  4  meV, 


Zeeman  energy  AE  gfiB  =  0.03  meV/T,  and 
other  parameters,  such  as  the  effective  mass  and 
the  dielectric  constant,  are  appropriate  for  GaAs. 

3.  Results 

We  first  consider  the  simplest  case  of  the 
interband  spectroscopy  of  an  empty  quantum  dot. 
For  illustrative  purposes  we  consider  the  strong 
magnetic  field  limit  (/2+»/2_).  Initially,  there  is 
vacuum:  no  electrons  and  no  excitons  (Fig.  la). 
After  absorption,  an  electron-hole  pair  is  cre¬ 
ated.  The  energy  spectrum  of  an  interacting  elec¬ 
tron-hole  pair  (exciton)  as  a  function  of  angular 
momentum  R  is  shown  in  Fig.  lb.  The  energy 
scale  E0  =  Ry^a0/l0  is  the  binding  energy  of 
an  exciton  in  the  high  magnetic  field  limit.  Fig.  lc 
shows  the  energy  spectrum  of  the  photoexcited 
carrier  in  the  absence  of  electron-hole  interac¬ 
tions.  In  this  limit  the  energy  spectrum  is  given 
simply  by  EM  —  f2_M  +  (fl  +  +  The  elec¬ 

tron-hole  interaction  lowers  the  energy  of  differ¬ 
ent  free-electron  states  (in  all  the  figures  the 
energies  have  been  shifted  for  clarity). 

We  now  turn  to  the  spectroscopy  of  a  quantum 
dot  with  one  electron.  The  energy  spectrum  of 
initial  states  is  shown  in  Fig.  2a  for  magnetic  field 
B  =  10  T.  The  ground  state  is  the  zero  angular 
momentum,  spin-down  |  — )  state  for  all  mag- 


O) 

b)  - 

c) 

vacuum 

exc 

elh  pair 

i  i  ii  i  i  i  ii  i  i  r 

3  5  13  5  13  5 

total  angular  momentum  R 


Fig.  1.  (a)  Energy  spectrum  of  an  empty  quantum  dot  in  the 
strong  magnetic  field  limit;  (b)  single-exciton  spectrum;  (c) 
single  electron-hole  pair  spectrum,  no  valence  hole  potential. 
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Fig.  2.  (a)  One-electron  spectrum  of  a  quantum  dot  in  the 
strong  magnetic  field  limit;  (b)  spin-singlet  exciton  spectrum; 
(c)  spin-singlet  exciton  spectrum,  no  valence  hole  potential. 


netic  fields.  In  the  absorption  process  only  the 
transition  to  the  zero  angular  momentum  state  is 
allowed,  forcing  the  spin  of  the  photoexcited  car¬ 
rier  to  be  reversed  |  +  ).  The  final  two-electron 
state  is  spin-singlet.  The  energy  of  the  final  state 
is  determined  by  the  competition  of  the  attractive 
interaction  with  the  valence  hole  and  a  repulsive 
interaction  between  two  electrons.  In  the  singlet 
state  both  electrons  lower  their  energy  by  occupy¬ 
ing  the  zero  angular  momentum  state  and  the 
distinction  between  the  photoexcited  and  initial- 
state  electrons  is  completely  lost.  The  one  elec¬ 
tron  +  exciton  (the  two-electron  +  hole)  complex 
energy  spectrum  as  a  function  of  the  total  angular 
momentum  R  is  shown  in  Fig.  2b.  The  ground 
state  R  =  0  is  bound,  and  there  is  a  Coulomb 
barrier  at  R  =  1  to  be  overcome  before  the  exci¬ 
ton  can  ionize  (R  >  1  spectrum).  This  is  to  be 
contrasted  with  Fig.  lc,  where  the  attractive  hole 
potential  was  off,  i.e.  we  consider  the  injection  of 
the  electron-valence  hole  pair.  The  final  state 
spectrum  is  now  the  spectrum  of  the  spin-singlet 
two-electron  dot. 

We  now  turn  to  the  interband  spectroscopy  of 
a  two-electron  quantum  dot,  an  artificial  helium 
atom.  The  spin  triplet  5  =  1  ground  state  of  the 
two-electron  dot  is  determined  by  repulsive  elec¬ 
tron-electron  interactions.  We  show  the  energy 
spectrum  in  the  strong  magnetic  field  limit  of  the 
triplet  state  in  Fig.  3a.  For  B  =  10  T  the  ground 


state  is  at  R  =  3.  To  what  extent  can  interband 
spectroscopy  provide  information  about  the 
ground  state  of  the  dot?  In  Fig.  3b  we  show  the 
spectrum  of  an  exciton  coupled  to  the  two-elec¬ 
tron  dot.  This  is  now  a  three  electron  +  valence 
hole  problem,  with  a  single  photoexcited  electron 
having  a  reversed  spin.  The  total  spin  of  the 
excited  state  is  5  =  1  /2.  The  ground  state  has  an 
angular  momentum  R  =  2,  which  is  lower  than 
the  angular  momentum  of  the  initial  ground  state. 
This  implies  a  very  strong  rearrangment  of  elec¬ 
trons  in  the  presence  of  an  exciton.  We  can  again 
think  of  this  state  as  consisting  of  two  electrons, 
one  photoexcited  and  one  from  the  two-electron 
dot  attracted  by  the  hole  and  repelling  the  third 
electron.  Clearly,  there  is  little  overlap  of  the 
initial  and  final  states.  In  Fig.  3c  we  show  the 
excitation  spectrum  of  the  three  electron  complex 
without  the  valence  hole  potential  (electron-va¬ 
lence  hole  pair  complex).  The  angular  momen¬ 
tum  R  =  7  of  the  ground  state  is  very  different, 
and  hence  the  ground  state  and  the  excitation 
spectrum  depend  strongly  on  the  final  state  inter¬ 
actions. 

We  now  calculate  the  difference  in  energies  of 
the  lowest-energy  photoexcited  state  and  the  ini¬ 
tial  state  (ground  state  of  the  two-electron  dot)  as 
a  function  of  the  magnetic  field.  In  calculations 
we  use  the  subspace  of  two  quasi-Landau  levels 
(N  =  0,  1)  as  the  minimum  subspace  yielding 
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Fig.  3.  (a)  Spin  triplet  two-electron  spectrum  in  the  strong 
magnetic  field  limit;  (b)  spin-1  /2  two-electron  +  exciton  spec¬ 
trum;  (c)  same  as  (b),  but  no  valence  hole  potential. 
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Magnetic  Field  (Tesla) 

Fig.  4.  (a)  Transition  energy  as  a  function  of  magnetic  field 
corresponding  to  Fig.  3b;  (b)  ground  state  energy  of  a  two- 
electron  dot.  Different  singlet  and  triplet  states  are  visible. 

qualitatively  correct  spin-induced  transitions  in 
the  two-  and  three-electron  cases.  In  Fig.  4a  we 
show  the  absorption  threshold  given  by  the  differ¬ 
ence  between  the  lowest-energy  state  of  the  exci- 
ton  +  quantum  dot  system  and  the  ground  state 
energy  of  the  quantum  dot:  c o  —  E( 2  +  X)  —  E( 2). 
The  arrows  identify  structures  in  the  transition 


energy  (o .  These  structures  are  related  to  the  spin 
and  angular  momentum  changes  of  the  two-elec¬ 
tron  dot,  shown  in  Fig.  3b,  and  to  changes  in  the 
photoexcited  system  (last  arrow).  Hence,  because 
of  the  strong  correlations  induced  in  the  final 
state,  the  energy  structure  in  the  absorption  en¬ 
ergy  reflects  changes  in  the  spin  and  angular 
momentum  of  the  initial  state.  In  the  absence  of 
the  valence  hole  potential  the  transition  energy  co 
is  equal  to  the  chemical  potential  of  the  two-elec¬ 
tron  atom. 

In  summary,  excitons  coupled  to  electrons  in 
quantum  dots  are  a  sensitive  and  nontrivial  probe 
of  the  ground  and  excited  states  of  the  strongly 
interacting  electron  system. 
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Abstract 

We  present  a  theory  of  the  magnetoplasmons  of  two-dimensional  antidot  arrays.  A  variational  Wigner-Seitz 
model  is  proposed  within  the  hydrodynamic  picture  to  calculate  the  magnetoplasma  modes.  Hydrodynamic  solutions 
of  the  modes  are  quantized  into  plasmons.  Moreover,  by  considering  the  first-order  absorption  process,  in  which  one 
photon  is  converted  into  one  plasmon,  we  analytically  derive  the  far-infrared  (FIR)  response  of  the  structures.  We 
directly  compare  our  model  to  the  experiments  and  obtain  quantitative  agreement.  However,  in  addition  to  the 
observed  v+  and  v~  modes,  we  predict  the  existence  of  a  mode  degenerate  with  v+  at  zero  magnetic  field,  but  with 
an  oscillator  strength  decreasing  rapidly  with  magnetic  field.  Our  work  provides  an  explanation  for  the  recently 
observed  FIR  anomaly  as  well  as  a  model  for  future  studies  of  electron  grid/ antidot  structures. 


The  physics  of  the  two-dimensional  electron 
gas  (2DEG)  is  currently  a  subject  of  great  inter¬ 
est.  With  the  recent  advancement  of  nanostruc¬ 
ture  technology,  the  study  of  uniform  2DEGs  has 
extended  to  that  of  lateral  superlattices  (LSLs). 
Among  these  interesting  systems,  the  dynamic 
response  of  the  uniform  2DEG,  the  LSLs  of 
quantum  wires,  and  the  LSLs  of  quantum  dots 
can  largely  be  understood  within  the  Kohn  theo¬ 
rem,  which  states  that,  for  a  homogeneous  elec¬ 
tron  gas  or  inhomogeneous  system  confined  by 
parabolic  potentials,  the  long-wavelength  re¬ 
sponse  is  due  to  the  center-of-mass  motion  of 
electrons  [1].  However,  the  LSLs  of  grids/ 
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antidots,  lacking  such  properties,  show  many  pe¬ 
culiarities  in  the  magneto-optical  [2,3]  and  mag¬ 
netotransport  measurements  [4].  In  recent  far-in¬ 
frared  (FIR)  studies  of  the  grid  structure,  Kern  et 
al.  [2]  and  Zhao  et  al.  [3]  observed,  in  the  pres¬ 
ence  of  magnetic  field  B ,  new  resonances  v+  and 
v~  other  than  the  electron  cyclotron  resonance 
(CR).  They  show  an  anomalous  level-crossing-like 
feature  in  the  co-B  dispersion,  which  was  at¬ 
tributed  to  the  breakdown  of  Kohn’s  theorem  [3]. 
The  high-frequency  v+  branch  starts  at  small  B 
with  a  negative  slope,  and  then  increases  in  fre¬ 
quency  with  B ,  eventually  approaching  the  CR.  A 
second  low-frequency  v~  branch  begins  with  zero 
frequency  at  B  =  0,  rises  with  B,  and  shows  a 
slightly  negative  slope  at  high  B.  Moreover,  the 
oscillator  strength  transfers  from  the  v+  to  the 
v~  with  increasing  B ,  suggesting  a  mixing  of  the 
two  modes.  The  plasma  origin  of  the  v+  mode 
was  demonstrated  by  Zhao  et  al.  from  a  density- 
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dependence  study  [3].  On  the  other  hand,  the 
foregoing  anomaly  has  not  been  experimentally 
observed  or  theoretically  predicted  in  similar  in¬ 
vestigations  of  the  2D  structures  where  the  Kohn 
theorem  holds  [5-8].  Therefore,  the  grid/  antidot 
structures  constitute  interesting  systems  to  theo¬ 
rists  from  the  viewpoint  of  understanding  the 
consequence  of  breakdown  of  the  Kohn  theorem. 
In  this  work,  we  develop  a  model  for  the  magne¬ 
toplasma  modes  and  the  FIR  response  of  the 
grid/ antidot  structure,  and  directly  compare  our 
model  to  the  experiments.  Our  work  provides  not 
only  an  explanation  for  the  observed  FIR 
anomaly,  but  also  a  model  for  the  future  study  of 
electron  grid /  antidot  structures. 

We  picture  the  system  as  a  thin  layer  of  2DEG 
sitting  at  the  heterostructure  interface  (with  the 
coordinate  x  =  0)  and  penetrated  by  a  square 
lattice  of  holes.  The  structure  is  bounded  by  two 
metal  gates  located  at  x  =x1  and  x2.  B  is  taken 
to  be  along  the  x-axis.  Consistent  with  the  experi¬ 
ments,  we  shall  assume  the  length  scales  /  ~  d^> 
rs,  where  /  is  the  plasma  characteristic  length,  d 
is  the  lattice  constant  of  the  antidot  array,  and  rs 
is  the  interelectron  spacing.  Further,  an  estimate 
using  the  experimental  parameters  yields  l »  a*, 
where  a*  is  the  effective  Bohr  radius,  which 
permits  us  to  neglect  compressibility  effects. 

The  physics  of  long-/  plasma  modes  belongs  to 
the  hydrodynamic  limit,  in  which  one  needs  to 
deal  only  with  coarse-grain  averages.  In  the  pres¬ 
ent  theory,  we  focus  on  the  three  hydrodynamic 
quantities  n(y,  z,  t\  V(y,  z,  x,  t\  and  v(y,  z,  0, 
where  n  is  the  electron  density  fluctuation,  V  is 
the  electric  potential  fluctuation,  and  v  is  the 
velocity  field.  They  are  governed  by  the  laws  of 
conservation,  i.e.  particle  conservation  and  mo¬ 
mentum  conservation,  plus  Coulomb’s  law.  We 
look  for  the  normal  modes  with  harmonic  time 
dependence  e_1w".  They  satisfy  the  plasma  equa¬ 
tion  [5-7]: 

( n&e/m)(d2/dy 2  +  d2/dz2)V 0  +  (co2  -  co2)n  =  0, 

(1) 

where  V0  is  the  potential  fluctuation  at  the  x  =  0 
plane,  ns  is  the  average  electron  density,  coc  is 
the  CR  frequency.  This  equation  needs  to  be 
solved  simultaneously  with  the  Poisson  equation. 


We  propose  a  variational  Wigner-Seitz  (WS) 
model  that  reduces  the  complicated  problem  to 
essentially  that  of  a  (circular)  WS  cell,  and  treats 
the  intracell  and  intercell  Coulomb  interactions. 
The  plan  is  to  study  the  so-called  screened  limit 
first,  and  to  use  it  as  the  guideline  for  setting  up  a 
model  later  for  the  general  situation  where  the 
Coulomb  interactions  are  important. 

In  the  screened  limit,  e.g.  x1->0,  Coulomb 
interactions  in  the  2DEG  are  reduced  by  the 
nearby  metal  gate.  In  this  limit,  the  electric  field 
lines  are  perpendicular  to  the  metal  gate,  and 
one  can  picture  it  as  a  pair  of  parallel  plates,  i.e. 
a  capacitor,  with  the  upper  end  grounded.  This 
capacitor  approximation  results  in  a  local  linear 
relationship  between  V0  and  n ,  with  V0  = 
—  exxn/ex,  where  ex  is  the  dielectric  constant  of 
the  upper  layer  of  the  heterostructure.  With  this 
relation,  the  Poisson  equation  is  solved,  and  the 
number  of  unknowns  is  reduced.  Substituting  this 
relation  into  the  plasma  equation,  one  obtains  an 
equation  in  the  electron  density  n. 

To  solve  it  for  the  periodic  array  of  antidots, 
we  write  with  the  Bloch  theorem  n(y,  z)  — 
ei(qyy+gzz)nc(y,  z),  where  q  =  (qy,  qz)  is  a 
wavevector  in  the  yz-plane,  and  nc  is  cell-peri¬ 
odic.  For  the  present  problem,  it  suffices  to  focus 
on  the  q  =  0  solutions,  since  these  are  the  modes 
excitable  with  the  FIR,  which  has  a  very  long 
wavelength  compared  to  the  lattice  constant  of 
the  array.  The  Bloch  theorem  transforms  the 
many-cell  problem  to  a  one-cell  one,  and  reduces 
the  number  of  boundaries,  i.e.  hole  edges,  where 
we  need  to  force  the  solution  to  satisfy  some  sort 
of  boundary  condition,  to  just  one. 

However,  the  reduced  problem  requires  the 
additional  specification  of  boundary  condition  at 
the  cell  boundary.  We  derive  it  by  introducing  the 
idea  of  WS  method  [9].  First,  we  approximate  the 
WS  unit  cell  as  a  circular  disk,  thus  enhancing  the 
actual  square  symmetry.  With  this,  the  solution 
can  be  written  as  n(y,  z)  =  n(r)  elJS,  where  (r,  s ) 
are  the  polar  coordinates,  and  j  is  an  azimuthal 
index.  The  boundary  condition  can  be  taken  as: 

«(/)|/-<-o=0  (d«AH  =  r0  =  0) 

for  j  =  odd  (even),  (2) 
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Fig.  1.  The  B  dispersion  of  low-lying  plasma  modes  in  the 
screened  approximation.  Wq  is  the  zero-field  v+l  (or  V  +  1) 
mode  frequency.  The  relevant  parameters  are  ri  =  700  A,  and 
r0  -  1000  A. 

where  r  =  r0  is  the  boundary  of  the  circular  cell, 
which  we  take  to  have  the  same  area  as  the  actual 
one.  The  reasoning  behind  (2)  is  as  follows.  Take 
|/|  =  1,  for  example.  At  time  t  =  0  (tt/2co),  with 
the  density  fluctuation  in  each  unit  cell  equal  to 
n(r)  cos(s)  ( n(r )  sin(s)),  the  sign  of  charge 
changes  as  we  cross  the  cell  boundary  horizon¬ 
tally  (vertically).  Hence,  n(r )  at  the  boundary 
must  be  zero.  The  angular  dependence  of  n  is 
such  that  the  electron  gas  within  each  unit  cell 
forms  a  dipole,  implying  that  the  |  j  |  =  1  modes 
are  excitable  by  long-wavelength  electric  fields. 
Moreover,  we  require  that  vr  \  r=r.  =  0  at  the  hole 
edge,  as  a  result  of  the  elastic  reflection  of  an 
electron  from  the  edge.  With  equal  angles  of 
incidence  and  reflection  for  the  edge  reflection, 
this  condition  follows  from  taking  the  coarse-grain 
average  of  the  electron  velocity,  ( l/N&)Lv{ .  It 
means  that  the  macroscopic  current  does  not 
penetrate  into  the  holes. 

The  solution  to  the  above  problem  can  be 
written  analytically  as  Bessel  functions.  We  plot 
the  solutions  of  low-lying  modes  in  Fig.  1.  They 
consist  of  three  branches.  Two  of  them  (with 
/  =  1)  and  v~l  (with  /=  -1),  have  higher  fre¬ 
quencies  than  the  CR;  whereas,  the  third  branch, 
v  _  (with  j  =  1),  is  lower  in  frequency  than  the 


CR.  This  figure  contains  several  features  ob¬ 
served  in  the  experiment.  Notice  in  particular 
that,  near  B  =  0,  the  V+1  branch  shows  a  negative 
B  dispersion.  However,  there  are  differences  be¬ 
tween  this  result  and  the  experiment.  The  calcu¬ 
lated  frequency  of  the  v  __  branch  saturates  at 
high  B ,  while  the  experiments  observed  a  slightly 
negative  dispersion  in  this  limit,  a  characteristic 
of  the  edge  magnetoplasmons  (EMP)  [5-7].  Fur¬ 
ther,  besides  the  v +1  branch,  the  theory  predicts 
the  existence  of  another  eigenmode,  v~\  which  is 
degenerate  with  the  v+l  mode  at  B  =  0.  The 
existence  of  the  v~+  mode  is  simply  a  conse¬ 
quence  of  symmetry,  which  can  be  reasoned  as 
follows.  At  B  =  0,  the  two  v+  modes  are  degen¬ 
erate  but  with  opposite  rotations.  In  the  presence 
of  B ,  the  symmetry  becomes  broken,  lifting  the 
degeneracy. 

So  far,  we  have  established  a  useful  model 
that,  even  with  several  critical  approximations,  is 
able  to  provide  a  clear  qualitative  picture  for  the 
physics  of  the  structures.  In  the  actual  experi¬ 
ments,  however,  the  metal  gates  were  distant 
from  the  2DEG,  and  did  not  effectively  screen 
down  the  Coulomb  interactions.  In  such  general 
cases,  the  model  predicts  plasma  modes  that  are 
too  soft.  For  a  true  and  quantitative  understand¬ 
ing  of  the  grid  structures,  it  is  essential  to  incor¬ 
porate  the  effects  of  intracell  and  intercell 
Coulomb  interactions.  In  view  of  the  success  of 
the  screened  model,  we  shall  generalize  it  with 
the  constraint  that,  in  the  limit  xx  ->  0,  the  gener¬ 
alized  model  reduces  to  the  screened  one.  The 
generalization  is  achieved  via  a  variational  ap¬ 
proach. 

In  the  following,  we  give  a  brief  account  of  the 
variational  approach.  First,  we  construct  reason¬ 
able  trial  functions  for  n(y,  z )  and  K0(y,  z).  They 
are  defined  on  the  circular  WS  cell  and  taken  to 
have  the  separable  form  f(r )  e1J5.  By  an  argu¬ 
ment  parallel  to  the  one  leading  to  (2),  we  impose 
the  conditions  (we  focus  on  the  |  / 1  =  1  case) 

K0(r)|r=ro  =  0,  ivU,  =  0,  (3) 

«(r)l'-='-o  =  0>  (4) 

which  reflect  the  physics  involved  in  the  grid 
structure,  i.e.  the  dipole  formation  and  the  edge 
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reflection  within  each  cell.  We  then  cast  the 
plasma  equation  plus  these  boundary  conditions 
into  an  integral  equation  via  the  use  of  a  Green’s 
function.  We  treat  the  e-e  interactions  in  the 
following  approximate  way.  We  create  a  square 
lattice  formed  with  the  circular  WS  cells,  and 
embed  the  trial  functions  into  the  lattice.  For 
|  r  —  1C,- 1  >  r0,  the  functions  are  set  to  zero,  where 
Ri  are  the  centers  of  the  cells.  We  consider  the 
e-e  interactions  in  this  artificial  lattice  and  solve 
the  Poisson  equation  in  its  reciprocal  space.  We 
note  that,  as  long  as  the  artificial  lattice  cell  is 
close  in  size  to  the  real  lattice  cell,  the  estimate 
of  Coulomb  effects  based  on  using  the  artificial 
lattice  should  be  reasonable. 

We  now  turn  to  the  discussion  of  FIR  re¬ 
sponse.  We  assume  that  the  FIR  radiation  is 
incident  normal  to  the  2DEG,  which  is  consistent 
with  the  experimental  situation,  and  hence  we 
neglect  retardation  effects  due  to  the  finite  light 
velocity.  We  consider  only  the  dominant  one-pho¬ 
ton  process,  in  which  a  photon  is  absorbed  and 
the  excited  state  containing  a  plasmon  is  created. 
In  view  of  this,  the  plasma  eigenmodes  obtained 
with  our  model  have  to  be  quantized  to  properly 
represent  the  quanta  of  excitations  (plasmons). 
This  is  carried  out  in  the  language  of  second 


quantization.  First,  we  write  the  energy  fluctua¬ 
tion  in  our  model: 

H  =  (nsm/2)  j v 2  d 2r  +  (1/2)  J( -e)nV0  d 2r. 

(5) 

The  eigenmodes  obtained  from  solving  the  inte¬ 
gral  equation  are  inserted  in  (5)  and  quantized  by 
requiring  H  =  ho),  meaning  that  the  energy  fluc¬ 
tuation  contained  in  the  excited  state  is  due  to 
the  presence  of  one  plasmon.  With  the  ampli¬ 
tudes  of  the  fluctuations  so  fixed,  the  velocity 
field  operator,  for  example,  is  written  as 

u(r,  t)  =  -i/ll  '£(vk(r)bk(t) -h-c.),  (6) 

k 

where  bk  is  the  lowering  operator  for  the  &th 
mode,  vk(r)  is  the  quantized  velocity  field,  and 
h.c.  denotes  the  Hermitian  conjugate.  The  inter¬ 
action  Hamiltonian  between  a  plasmon  and  the 
light  can  be  expressed  as: 

H'  =  fn s(-e)u-Aext  d 2r, 

where  Aext  is  the  vector  potential  of  the  light. 
The  optical  matrix  element  (lk  \  Hr  |0)  is  evalu¬ 
ated  between  the  ground  state  |0)  and  the  ex- 
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Fig.  2.  (a)  The  left  panel  shows  the  B  dispersion  of  low-lying  modes  for  the  GaAs/GaAlAs  heterostructure  of  Zhao  et  al.  [3].  (b) 
The  right  panel  shows  the  absorption  versus  B.  The  parameters  used  by  the  theory  are  directly  taken  from  Ref.  [3].  For  the 
parameters  not  listed  here,  we  take  e1  =  e2  =  13,  and  m  =  0.067 me  from  the  CR  data  of  the  experiment. 
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cited  state  |  lk )  containing  one  plasmon  of  the 
kth  mode.  In  the  FIR  limit,  the  absorption  inte¬ 
grated  over  a  resonance  frequency  (ok  is  written 
in  terms  of  the  matrix  element: 

fa(u')  d<w'  =  |</J«-e|0>|2/wA.,  (7) 

where  e  is  the  polarization  vector  of  the  electric 
field.  An  evaluation  of  (lk  |  u  •  e  |0>  results  in  the 
selection  rule  j  =  ±  1  for  the  unpolarized  FIR 
excitation. 

We  compare  our  theory  to  the  experiment  of 
Zhao  et  al.  [3]  in  Fig.  2.  Quantitative  agreement 
is  achieved.  Similar  agreement  was  found  when 
comparing  the  theory  with  the  experiment  of 
Kern  et  al.  [2]  in  the  case  of  InGaAs/InAlAs. 
Notice  the  appearance  of  slightly  negative  disper¬ 
sion  at  high  B  in  the  calculation  of  the  v_ 
branch,  which  was  absent  in  the  screened  model. 
As  shown  in  Fig.  2b,  the  absorption  intensity 
transfers  from  the  v  _  branch  to  the  v  J1  branch 
as  B  increases.  Notice  that  the  strength  of  the 
v~r  mode  decreases  rapidly  with  B.  If  we  assume 
that  the  resonance  width  of  the  absorption  is 
mode-independent  and  does  not  change  with  B , 
the  results  here  can  be  directly  compared  with 
the  experimental  transmission  spectra,  which  are 
shown  in  the  plots  for  comparison.  The  values  of 
B  at  which  the  v_  and  v%1  branches  have  equal 
strengths  agree  with  the  experiment.  We  have 
also  computed  for  other  1/1=1  modes  with  higher 
frequencies  and  found  that  their  strengths  are 
smaller  by  orders  of  magnitude,  indicating  that 
the  oscillator  strength  has  been  exhausted  by  the 
low-lying  modes  [10]. 

In  summary,  we  have  developed  a  theory  of 
the  magnetoplasmons  of  electron  grid/  antidot 
structures.  The  calculated  mode  frequencies  and 
FIR  absorption  agree  with  the  experiments.  We 
interpret  the  interesting  features  of  such  systems 
as  the  result  of  an  interplay  of  B  and  the  unique 
geometry  of  the  grid  structure.  It  removes  the 
existence  of  any  j  =  —  1  EMP  mode,  and  sup¬ 
presses  the  oscillator  strength  of  the  v~x  mode, 
as  it  has  the  opposite  sense  of  rotation  to  the 
cyclotron  motion.  On  the  other  hand,  the  v +  1 
mode  and  the  v  _  mode,  having  the  same  sense, 
can  share  the  oscillator  strength.  Finally,  we  note 


that  it  should  be  interesting  to  carry  out  a  polar¬ 
ized  FIR  experiment,  in  which  the  absorption 
peak  of  the  v +  1  mode  would  be  suppressed  by 
the  selection  rule,  to  verify  the  existence  of  the 
v~l  mode  predicted  by  our  theory. 

During  our  work,  Lorke  et  al.  [11]  reported 
numerical  simulations  of  LSLs  within  the  inde¬ 
pendent-particle  picture,  which  contained  some 
qualitative  features  for  the  grid  structures. 
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Abstract 

By  directly  diagonalizing  the  many-body  interacting  Hamiltonian  for  two  model  confinement  potentials,  we 
calculate  the  dipole-allowed  optical  transition  spectra  for  a  few  electrons  confined  in  a  small  quantum  dot  subjected 
to  a  strong  external  magnetic  field.  We  find  substantial  many-body  corrections  to  the  optical  transition  energies  for 
quartic  and  flat-bottomed-parabolic  confinement  in  contrast  to  the  well-studied  purely  parabolic  confinement,  where 
optical  transitions  are  known  to  be  unaffected  by  interaction  effects  by  virtue  of  the  generalized  Kohn’s  theorem. 


There  has  been  considerable  recent  interest  in 
the  electronic  properties  of  quantum  dots  where 
the  electron  motion  is  quantized  in  all  three 
directions.  While  much  attention  has  focused  [1,2] 
on  the  tunneling  of  electrons  in  and  out  of  quan¬ 
tum  dots  and  the  associated  Coulomb  blockade 
effects,  the  electronic  properties  of  a  single  iso¬ 
lated  quantum  dot  where  electronic  motion  is 
quantum  mechanically  confined  in  all  three  di¬ 
mensions  is  also  quite  interesting,  particularly  in 
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the  presence  of  a  strong  external  magnetic  field 
which  can  be  used  to  tune  the  properties  of  the 
system.  Based  on  our  experience  with  the  physics 
of  strongly  correlated  two-dimensional  fractional 
quantum  Hall  liquids,  one  expects  interesting 
electron-electron  interaction  effects  in  quantum 
dots  under  strong  external  magnetic  fields.  In  this 
paper  we  present  numerical  results  for  the  optical 
transition  energy  and  magnetization  of  small 
quantum  dots  containing  a  few  (~  6)  electrons  as 
a  function  of  the  external  magnetic  field  on  the 
system.  The  two  main  features  of  our  calculations 
are  using  the  realistic  Coulomb  interaction  be¬ 
tween  the  electrons  and  treating  the  confinement 
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potential  in  a  number  of  semi-realistic  simple 
models. 

Our  theoretical  technique  is  the  exact  diago- 
nalization  of  few-electron  quantum  dot  systems 
within  the  lowest  Landau  level  approximation. 
This  technique  has  been  extremely  successful  [3] 
in  studying  the  fractional  quantum  Hall  effect. 
Using  our  exact  diagonalization  technique  we  ob¬ 
tain  the  lowest  dipole-allowed  optical  transition 
energy  as  a  function  of  the  magnetic  field.  Our 
exact  numerical  results  for  the  optical  transition 
energies  exhibit  considerable  correlations  arising 
from  electron  interaction  effects  which  should  be 
experimentally  observable  in  small  quantum  dots 
with  non-parabolic  confinement  potential. 

Earlier  theoretical  work  on  the  elementary  ex¬ 
citation  spectra  in  quantum  dots  mostly  used 
parabolic  confinement  not  only  because  of  its 
calculational  simplicity  but  also  because  it  is  a 
reasonable  model  for  electrostatically  defined 
confinement.  Optical  (or,  more  generally,  mag¬ 
neto-optical)  properties  of  parabolically  confined 
quantum  dots  are,  however,  trivial  due  to  the 
validity  of  the  generalized  Kohn’s  theorem  which 
asserts  [4,5]  that  the  optical  transition  energy  of 
the  interacting  parabolic  system  is  exactly  the 
same  as  that  of  the  bare,  non-interacting  system. 
This  exact  cancellation  of  many-body  correlation 
effect  on  the  optical  spectra  [6]  of  parabolically 
confined  quantum  dots  arises  from  the  separabil¬ 
ity  of  the  interacting  Hamiltonian  into  center-of- 
mass  and  relative  coordinates,  which  is  possible 
only  for  a  quadratic  confining  potential.  This 
theorem,  however,  provides  no  clue  about  the 
correlation  correction  to  the  optical  spectra  of 
non-parabolically  confined  quantum  dots.  We 
mention  that  the  absence  of  correlation  effects  in 
the  magneto-optical  spectra  of  parabolically  con¬ 
fined  quantum  dots  is  now  accepted  to  be  experi¬ 
mentally  established  [5,6].  There  have  been  ear¬ 
lier  theoretical  investigations  [7,8]  of  the  effects 
of  non-parabolic  confinement  potential  on  the 
optical  properties  of  dots.  In  Ref.  [6],  the  authors 
studied  the  magneto-optical  response  of  two-elec¬ 
trons  in  non-parabolic  quantum  dots.  In  Ref.  [7] 
the  non-parabolic  effect  is  included  by  consider¬ 
ing  two  coupled  parabolic  quantum  dots  and 
magneto-optical  properties  are  studied  as  well.  In 


both  of  these  cases  [7,8]  the  deviation  from  non- 
parabolicity  is  only  a  small  perturbation  to  the 
system,  and  the  magneto-optical  spectra  have  only 
small  corrections  compared  with  the  parabolic 
case.  In  contrast,  our  calculated  magneto-optical 
spectra  exhibit  very  strong  many-body  correlation 
effects. 

In  this  paper  we  calculate  the  interacting  mag¬ 
neto-optical  spectra  of  quantum  dots  for  two  dif¬ 
ferent  model  non-parabolic  confinement  poten¬ 
tials, 

V(r)  =  Vo(r-ro)2ne(r~ro)’  (!) 

with  n  =  2  and  r0  =  0  (model  I)  defining  a  quartic 
confinement  as  our  first  model,  and  n  —  1  and 
non-zero  r0  (model  II)  defining  a  flat-bottomed- 
parabolic  confinement  as  our  second  model.  We 
note  that  our  quantum  dot  is  a  disc-shaped  two- 
dimensional  structure  (i.e.  r  in  Eq.  (1)  is  a  two-di¬ 
mensional  position  vector  in  the  x-y  plane  with 
the  magnetic  field  along  the  z  direction),  which  is 
a  reasonable  model  for  many  lithographically  de¬ 
fined  structures  where  the  confinement  along  one 
direction  (z)  is  much  stronger  than  that  in  the 
other  two  directions,  and  the  system  is  effectively 
a  finite  disc-shaped  two-dimensional  system  (i.  e. 
a  dot  which  is  shaped  like  a  disc).  At  no  loss  of 
generality,  all  our  numerical  results  are  for  such 
quantum  disc  structures.  We  consider  the  mag¬ 
netic  field  to  be  strong  enough  to  spin-polarize 
the  system,  concentrating  entirely  on  the  lowest 
spin-split  Landau  level.  All  our  calculations  ne¬ 
glect  spin  effects,  and  Landau  level  mixing  effects 
as  well.  Our  exact  diagonalization  calculations 
employ  6-electron  systems  in  the  quantum  dot 
assuming  all  the  electrons  in  the  lowest  spin-split 
Landau  level.  For  high  magnetic  fields  this  is 
certainly  a  reasonable  approximation.  We  expect 
our  results  to  be  qualitatively  valid  in  the  pres¬ 
ence  of  Landau  level  mixing  effects,  but  the 
quantitative  validity  [4]  of  the  magneto-optical 
transition  energies  may  not  be  better  than  10% 
due  to  the  neglect  of  higher  Landau  levels.  We 
also  assume  a  spin  polarized  system  which  is 
certainly  a  valid  approximation  at  higher  (>  3-4 
T)  magnetic  fields.  Relaxing  this  approximation 
would  introduce  additional  structure  and  compli- 
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Fig.  1.  The  calculated  dipole-allowed  magneto-optical  transi¬ 
tion  energies  as  a  function  of  the  magnetic  field  for  a  6-elec- 
tron  quantum  dot  system  for  the  quartic  confinement  (model 
I)  with  V0  =  0.05e2/l  and  r0  =  0,  where  /  is  the  magnetic 
length  at  B  =  5  T.  The  dash-dotted,  dotted,  and  solid  lines 
correspond,  respectively,  to  interacting  E+,  E_,  and  the 
non-interacting  dipole  transition  energies. 


cations  into  our  calculated  numerical  results  as 
singlet-triplet  transitions  start  playing  a  role. 
Again,  our  basic  result,  prediction  of  correlation- 
induced  non-monotonic  structure  in  the  magneto¬ 
optical  spectra  of  small  non-parabolic  quantum 
dots,  is  unaffected  by  this  approximation. 


Fig.  2.  The  same  as  in  Fig.  1  for  a  quantum  dot  with  the 
flat-bottomed  parabolic  confinement  (model  II)  with  V0  = 
0.05c2//  and  r0  =  /,  where  /  is  the  magnetic  length  at  B  =  5 
T. 


In  Figs.  1  and  2  we  show  for  the  two  model 
confinements  our  calculated  magneto-optical 
spectra  for  dipole-allowed  optical  transitions  in 
the  quantum  dots.  The  calculations  are  carried 
out  at  temperature  T  =  0.  Energy  is  measured  in 
units  of  e2/el ,  where  /  is  the  magnetic  length  at 
magnetic  field  B  =  5  T,  and  e  is  the  dielectric 
constant  of  the  material.  This  energy  unit  is 
roughly  60/e  meV,  which  is  4.5  meV  for  GaAs 
material.  The  length  parameter  r0  is  measured  in 
units  of  magnetic  length  at  B  —  5  T,  which  is 
approximately  11.5  nm.  The  other  parameter  V0 
is  also  measured  in  units  of  e2 /el  at  B  =  5  T. 
There  are  two  possible  dipole-allowed  optical 
transitions  given  by  Lz  ->  Lz  ±  1  which  corre¬ 
spond  to  the  two  possible  circular  polarization 
modes  of  the  absorbed  photon.  We  refer  to  these 
transition  energies  as  E+  modes,  respectively. 
For  the  non-interacting  case,  the  ground  state  is 
always  the  lowest  possible  Lz  state  and,  there¬ 
fore,  only  the  E+  mode  is  allowed.  We  empha¬ 
size  that  for  a  parabolic  quantum  dot  system,  the 
interacting  and  non-interacting  magneto-optical 
spectra  are  identical  (by  virtue  of  the  generalized 
Kohn’s  theorem).  For  the  non-parabolic  quantum 
dots  on  the  other  hand,  as  can  be  seen  from  Figs. 
1  and  2,  correlation  effects  are  substantial  in  the 
magneto-optical  spectra.  In  particular,  the  mag¬ 
neto-optical  transtion  energies  show  the  same 
kind  of  non-monotonic  sharp  structures  (and 
jumps  at  particular  magic  magnetic  field  values) 
as  the  corresponding  thermodynamic  properties 
do.  Any  observation  of  non-monotonic  behavior 
in  the  magneto-optical  spectra  of  small  quantum 
dots  as  a  function  of  the  external  magnetic  field, 
as  shown  in  Figs.  1  and  2,  will  be  rather  strong 
direct  evidence  in  support  of  correlation  effects 
in  quantum  dot  systems.  The  important  point  to 
note  is  that,  while  the  non -interacting  magneto¬ 
optical  spectra  of  the  non-parabolic  dots  studied 
here  are  qualitatively  the  same  as  that  of  the 
parabolic  systems,  the  interacting  spectra  are 
qualitatively  and  strikingly  different,  as  is  obvious 
from  the  results  shown  in  Figs.  1  and  2.  The 
correlation  effects  produce  striking  non-mono¬ 
tonic  features  (manifested  as  spikes  and  jumps  in 
Figs.  1  and  2  at  various  magic  magnetic  field 
values)  associated  with  the  sudden  changes  in  the 
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ground  states  of  the  system  (switching  among 
various  Lz  values)  as  a  function  of  the  magnetic 
field  arising  from  the  competition  between  con¬ 
finement  and  electron-electron  interaction. 

In  summary,  we  have  used  the  direct  diagonal- 
ization  technique  in  the  lowest  spin-split  Landau 
level  to  calculate  the  elementary  excitation  spec¬ 
tra  and  the  magneto-optical  properties  of  small 
quantum  dots  (containing  six  electrons)  with 
non-parabolic  confinement  potentials.  Non¬ 
parabolic  confinement,  by  allowing  mixing  be¬ 
tween  center  of  mass  and  relative  coordinates, 
gives  rise  to  substantial  correlation  effects  on  the 
dipole-allowed  magneto-optical  transition  ener¬ 
gies.  This  is  in  contrast  to  parabolically  [4-6] 
confined  quantum  dot  structures,  where  correla¬ 
tion  effects  cancel  out  in  the  magneto-optical 
spectra.  For  two  different  model  confinement 
potentials,  the  quartic  confinement  and  the  flat- 
bottomed  parabolic  confinement,  our  calculated 
magneto-optical  transition  energies  show  correla¬ 
tion-induced  non-monotonic  behavior  as  a  func¬ 
tion  of  the  external  magnetic  field.  In  particular, 
the  calculated  magneto-optical  energies  show 
correlation-driven  sharp  structures  and  jumps  at 
various  specific  magnetic  field  values. 


This  work  is  supported  in  part  by  the  National 
Science  Foundation  Materials  Theory  (DMR) 
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Abstract 

Arrays  of  field-effect  confined  quantum  dots  with  diameters  down  to  100  nm  have  been  prepared  from 
AljGaj.jAs/GaAs  heterostructures.  In  far-infrared  spectroscopy,  transitions  are  induced  between  the  2-3  meV 
separated  quantum  levels  of  the  lateral  confinement.  In  tilted  magnetic  fields  B,  we  observe  a  resonant  coupling  to 
states  arising  from  the  confinement  in  the  growth  direction.  The  level  spacing  in  this  z-direction  is  found  to  be  only  a 
few  meV  in  our  samples  and  thus  comparable  to  the  level  spacing  of  the  lateral  confinement.  The  excitation 
spectrum  that  we  observe  is  determined  by  the  total  magnetic  field  B.  Thus  the  quantum  dots  are  essentially 
^ree-dimensional  objects.  We  observe  a  similar  transition  to  a  three-dimensional  behavior  in  two-dimensional 
electron  gases  with  small  subband  spacings. 


Low-dimensional  quantum  confined  electronic 
systems  in  semiconductors  have  recently  attracted 
much  interest.  An  ultimate  limit  is  a  quantum 
dot,  an  artificial  atom,  where  few  electrons  are 
confined  in  all  three  dimensions  [1-7].  Most  sys¬ 
tems  so  far  have  been  realized  by  lateral  structur¬ 
ing  of  a  two-dimensional  (2D)  electronic  system 
with  various  methods.  In  these  systems,  the  lat¬ 
eral  confinement  of  the  electrons  in  the  x-y 
plane  is  usually  assumed  to  be  much  smaller  than 


*  Corresponding  author. 

1  Present  address:  Laboratoire  de  Physique  de  la  Matiere 
Condensee,  Ecole  Normale  Superieure,  24  rue  Lhomond, 
F-75231  Paris  Cedex  05,  France. 

2  Institut  fiir  Angewandte  Physik,  Universitat  Hamburg, 
Jungiusstrasse  11,  D-20355  Hamburg,  Germany. 

3  Paul-Drude-Institut  fiir  Festkorperelektronik,  Hausvogtei- 
platz  5-7,  D-10117  Berlin,  Germany. 


the  one  in  the  growth  direction  z.  Therefore,  the 
quantum  dots  are  treated  in  a  limit  that  we  refer 
to  as  a  “quantum-dot  disk”  in  the  following. 

We  report  here  on  field-effect  confined  quan¬ 
tum  dot  arrays  in  GaAs,  where  both  the  lateral 
confinement  energy  and  the  confinement  energy 
in  the  z-direction  are  typically  several  meV.  This 
leads  to  interesting  coupling  effects  between 
states  confined  in  the  z-direction  and  the  quan¬ 
tum  dot  states  confined  in  the  lateral  directions. 
In  far-infrared  (FIR)  spectroscopy,  transitions  be¬ 
tween  the  quantum  levels  of  the  lateral  confine¬ 
ment  are  excited.  In  tilted  magnetic  fields  B ,  we 
observe  a  resonant  coupling  with  states  in  the 
growth  direction.  The  experimental  dispersion  can 
be  well  described  with  the  model  of  a  three-di¬ 
mensional  harmonic  atom,  as  calculated  by  Li  et 
al.  [8],  For  magnetic  fields  above  the  coupling 
regime  the  resonance  frequencies  are  determined 
by  the  total  magnetic  field,  indicating  that  the 


0039-6028/94/S07.00  ©  1994  Elsevier  Science  B.V.  All  rights  reserved 
SSDI  0039-6028(93)E0722-7 


B.  Meurer  et  al.  /Surface  Science  305  (1994)  610-614 


611 


Frequency  (cm'1) 

Fig.  1.  Experimental  FIR  transmission  spectra  (symbols)  and 
fits  (solid  lines)  for  quantum-dot  sample  no.  1  with  a  =  200 
nm  at  B  =  9  T  and  tilt  angles  <p  up  to  36°.  The  adjusted  gate 
voltage  Kg  defines  quantum  dots  with  three  electrons.  The 
inset  shows  the  integrated  absorption  strength  in  units  of  the 
electron  number  as  a  function  of  <p.  The  integrated  absorption 
strength  remains  constant  within  the  experimental  error.  The 
triangles  mark  the  expected  resonance  frequency  of  a  quan¬ 
tum-dot  disk.  (The  expected  resonance  frequency  of  the  quan¬ 
tum-dot  disk  for  (p  -  36°  is  about  o>r  =  100  cm-1  and  thus  out 
of  scope.)  The  spectral  resolution  is  set  to  0.25  cm-1  and  the 
temperature  is  T  =  2.2  K. 


excitation  of  the  quantum  dots  is  three-dimen¬ 
sional. 

The  quantum-dot  structures  have  been  pre¬ 
pared  starting  from  Al032Ga0  68As/GaAs  het¬ 
erostructures  grown  by  molecular  beam  epitaxy. 
An  additional  Si  5-doped  layer  was  deposited  at 
a  distance  of  330  nm  below  the  interface.  The 
5-layer  is  semitransparent  for  the  FIR  radiation 
and  acts  as  a  back  gate  to  charge  the  dots.  On  top 
of  the  heterostructure,  we  prepared  by  holo¬ 
graphic  lithography  a  periodic  photoresist  dot 
array  with  periods  a  ranging  from  500  nm  down 
to  200  nm.  A  semitransparent  NiCr  front  gate 
was  then  evaporated  onto  the  photoresist  struc¬ 
ture.  Contacts  were  alloyed  outside  the  gate  area 
to  the  5-doped  back  contact,  so  that  via  a  nega¬ 
tive  gate  voltage  we  could  confine  the  electrons 
under  the  photoresist  dots  and  vary  the  number 
of  electrons  [1,2, 4, 7].  The  band  bending  at  the 
position  of  the  back  gate  results  in  systems  with 
small  energy  separations  in  the  z-direction.  FIR 
transmission  spectroscopy  was  carried  out  with  a 
Fourier  transform  spectrometer  at  T=  2.2  K.  We 
recorded  the  normalized  transmission  of  unpolar¬ 
ized  radiation,  T(Vg)/T(Vt),  for  different  mag- 


Fig.  2.  (a)  Magnetic  field  dispersion  of  the  resonance  frequencies  (symbols)  for  sample  no.  1  at  fixed  tilting  angle  <p  =  18°.  The  solid 
lines  are  calculated  in  the  model  of  a  harmonic  atom  with  the  confinement  frequencies  cdt  =  11  cm"1  in  the  x-y  plane  and  a)2  =  34 
cm-1  in  the  z-direction.  The  dashed  lines  are  the  theoretical  and  experimental  results  at  <p  =  0°.  (Note  that  for  the  (o~  mode,  the 
dashed  and  solid  curves  are  identical  within  the  linewidth.)  (b)  In  comparison,  the  results  of  sample  no.  2  with  a  =  500  nm  and  70 
electrons  in  the  quantum  dots  are  shown.  For  this  sample  we  find  &>r  =  25  cm-1  and  the  best  fits  we  obtained  with  an  (oz  =  100 
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netic  fields  5  and  tilt  angles  <p.Vt  is  the  thresh¬ 
old  voltage  of  the  dot  system. 

Fig.  1  shows  FIR  transmission  spectra  for  a 
sample  with  a  period  of  a  —  200  nm,  labeled  no.  1 
in  the  following,  at  fixed  magnetic  field  B  =  9  T 
and  different  tilt  angles  <p.  The  adjusted  gate 
voltage  Vg  defines  isolated  dots  with  three  elec¬ 
trons.  The  number  of  electrons  is  stabilized  by  a 
high  Coulomb  energy  of  about  15  meV  in  these 
small  structures  [7].  For  B  =  9  T  there  is  resonant 
absorption  at  wr  ~  125  cm"1  with  an  amplitude 
of  about  3%  (for  <p  =  0°).  For  increasing  tilt  angle 
<p ,  the  resonance  shifts  slightly  to  higher  frequen¬ 
cies  and  broadens  while  the  integrated  absorption 
strength  does  not  vary  with  <p.  The  nearly  con¬ 
stant  resonance  frequency  is  a  surprising  observa¬ 
tion.  For  a  strong  z-confinement,  the  quantum- 
dot  disk  limit,  we  would  expect  a  decrease  of  the 
resonance  frequency  because  of  the  smaller  in¬ 
plane  magnetic  field.  The  expected  cosine-law  is 
indicated  by  triangles  in  Fig.  1  and  does  not  at  all 
describe  the  experiment. 

The  experimental  magnetic  field  dispersions  at 
cp  =  0°  are  shown  as  dashed  lines  in  Fig.  2a.  Such 
a  dispersion  has  been  observed  previously 
[1,3, 4, 7].  It  consists  at  B  =  0  of  one  resonance, 
wr,  which  splits  for  B  >  0  into  two  resonances: 
one  increases  with  increasing  B  and  approaches 
the  cyclotron  frequency  (oc  =  eB/m *  and  the 
other  decreases  with  B.  This  5-dispersion  di¬ 
rectly  reflects  transitions  in  the  one-particle  exci¬ 
tation  spectrum  of  a  two-dimensional  parabolic 
confinement  in  a  magnetic  field  [9].  With  regard 
to  the  selection  rules  [1,10],  the  excitation  fre¬ 
quencies  are: 

o,r±(B)  =  ±o»c/2+/(Wc/2)2  +  ^.  (1) 

This  result  describes  well  the  dispersion  at  <p  =  0°. 
The  splitting  at  small  magnetic  fields  in  the  few 
electron  system  is  caused  by  deviations  of  the 
external  lateral  confinement  potential  from  the 
parabolic  shape  [11]. 

If  we  follow  the  FIR  resonances  at  a  fixed 
value  of  <p  =  18°  in  their  dependence  on  the  mag¬ 
netic  field  5,  we  find  the  dispersion  marked  by 
symbols  (•)  in  Fig.  2a.  In  comparison,  Fig.  2b 
shows  the  result  of  sample  no.  2  with  a  period 


a  =  500  nm  and  70  electrons  in  the  quantum  dots 
adjusted.  Both  samples  show  a  splitting  of  the 
dispersion,  which  is  caused  by  a  resonant  interac¬ 
tion  with  states  confined  in  the  z-direction.  It 
increases  with  increasing  cp  and  resembles  the 
resonant  subband-Landau-level  coupling  (RSLC) 
previously  observed  in  tilted-field  cyclotron  reso¬ 
nance  (CR)  experiments  on  2D  systems  [12],  and 
similarly  as  an  anti-crossing  behavior  in  ID  sys¬ 
tems  [13]. 

To  explain  the  experimentally  observed  behav¬ 
ior,  we  have  chosen  the  model  of  a  three-dimen¬ 
sional  quantum-dot  atom,  as  it  has  been  proposed 
by  Li  et  al.  [8].  They  calculated  the  resonance 
frequencies  in  the  form  of  a  cubic  equation  in  w2. 
For  a  circular  symmetry  in  the  x-y  plane  this 
equation  reads: 

( i )6  -  w4(w2  +  2w2  +  w2 )  +  w2{w2[  w2  sin 2((p) 

3~0)2  C0S2(<£>)]  +  (02[(O2  +  W2)}  _ 

(2) 

where  wr  is  the  resonance  frequency  of  the  lat¬ 
eral  confinement,  wz  is  the  resonance  frequency 
of  the  confinement  in  the  z-direction  and  cp  is  the 
tilt  angle.  We  have  solved  this  equation  numeri¬ 
cally,  and  we  have  chosen  o)z  to  obtain  a  good  fit 
of  the  data.  The  solid  lines  in  Figs.  2a  and  2b 
mark  the  results  of  the  fits.  For  sample  no.  1  with 
wr  =  11  cm-1  we  find  an  coz  =  34  cm-1  and  for 
sample  no.  2  with  cov  =  25  cm-1  an  to2  =  100 
cm-1.  Qualitatively,  the  model  of  the  parabolic 
atom  describes  well  the  observed  frequency  dis¬ 
persions  of  the  quantum  dots  in  tilted  magnetic 
fields.  In  particular  it  describes  that  at  large 
fields,  the  resonance  frequencies  are  determined 
by  the  total  rather  than  the  perpendicular  mag¬ 
netic  field.  The  model  does  not  describe  the 
magnitude  in  Aw  of  the  splitting  and  an  addi¬ 
tional  structure  (Fig.  2b  at  about  w  =  150  cm-1), 
which  is  probably  caused  by  a  resonant  interac¬ 
tion  with  a  next  higher  state  in  the  z-direction. 
The  assumption  of  a  harmonic  potential  in  the 
z-direction  is  obviously  too  simple  to  describe 
these  details,  whereas  in  general,  the  applied 
model  explains  well  all  important  features  of  the 
experimental  5-dispersions.  Thus  we  can  con- 
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Fig.  3.  (a)  Experimental  cyclotron  resonance  spectra  of  sample  no.  1  at  <p  =  18°  and  Vg  —  0.  The  arrows  (T)  mark  the  resonant 
coupling  regime  with  the  2D-intersubband  resonance  at  wz  ~  65  cm"1,  (b)  Magnetic  field  dispersion  of  the  resonances  in  (a). 
Above  the  coupling,  the  cyclotron  frequency  depends  on  the  total  magnetic  field  and  not  on  the  component  in  the  2D-plane 
(dashed  line). 


elude  that  the  excitation  of  our  quantum  dots  is 
indeed  ?/zree-dimensional. 

An  additional  experimental  observation  in  Fig. 
1  is  the  broadening  of  the  resonances,  that  we 
believe  to  be  intrinsic.  CR  in  2D  systems  has  a 
smaller  linewidth  at  <p  =  90°  [14]  and  in  tilted 
fields  two  excitations,  a  3D-CR  and  a  2D  inter¬ 
subband  resonance  (ISR)  are  possible  [15].  If,  as 
in  our  experiments,  three-dimensional  motion  of 
electrons  is  possible,  the  resonance  frequency  de¬ 
pends  on  the  center  coordinate  of  the  motion 
which  leads  to  a  broadening  of  the  experimental 
spectra. 

In  the  following,  we  will  show  that  also  in 
2D-systems  with  small  intersubband  spacings,  a 
transition  to  a  three-dimensional  excitation  be¬ 
comes  observable.  The  small  subband  spacings 
were  realized  in  the  same  heterostructures  with 
back  gate  layer  that  were  used  for  defining  the 
quantum  dot  systems.  By  applying  a  certain  gate 
voltage  during  cool  down,  sample  no.  1  (from 
above)  had  a  2D-density  of  only  Ns  =  3.5  X  1010 
cm"2  at  T  =  2.2  K,  as  determined  from  the  inte¬ 
grated  absorption  strength  of  the  CR.  At  Vg  =  0 
the  system  is  pratically  2D.  Fig.  3  shows  (a)  the 
cyclotron  resonance  spectra  at  cp  =  18°  and  (b) 
the  corresponding  5-dispersion  for  sample  no.  1 
at  Vg  =  0,  where  no  quantum  dots  are  formed. 
Below  the  coupling  regime  with  the  excited  sub¬ 


band,  we  observe  a  CR  with  a  linewidth  b  of 
about  only  1  cm”1.  It  drops  in  frequency  with  the 
expected  cos(<p)  law.  At  about  65  cm”1,  we  ob¬ 
serve  the  resonant  subband-Landau-level  cou¬ 
pling.  Above  the  coupling,  the  resonance  fre¬ 
quency  is  independent  of  cp  showing  that  the 
excitation  is  three-dimensional.  Similar  transi¬ 
tions  were  reported  for  2D-systems  in  wide 
parabolic  quantum  wells  [16],  where  the  intersub¬ 
band  spacings  are  also  very  small,  and  in  lumines¬ 
cence  experiments  on  Be-doped  lD-systems  [17]. 

In  summary,  we  have  presented  FIR  transmis¬ 
sion  experiments  on  quantum  dots  in  tilted  mag¬ 
netic  fields.  The  quantum-dot  systems  show  a 
resonant  interaction  with  states  confined  in  the 
growth  direction  from  which  we  can  determine 
the  level  spacing  in  the  z-direction.  The  level 
spacing  turns  out  to  be  comparable  with  the  one 
in  the  lateral  direction.  Thus  we  can  excite  a 
three-dimensional  motion  in  the  quantum  dots. 
This  is  manifested  in  the  observation  that  at  large 
magnetic  fields  the  dispersion  of  the  resonance 
frequencies  depends  on  the  total  rather  than  on 
the  perpendicular  component  of  the  magnetic 
field.  We  observe  a  similar  behaviour  in  2D-elec- 
tron  gases  with  small  subband  spacings. 
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Abstract 

We  study  the  role  of  reduced  dimensionality  on  the  quantum  magnetotransport  in  quasi-ballistic  GaAlAs/GaAs 
quantum  wires.  We  observe  strong  “antiresonances”  in  G(B ),  related  to  the  backscattering  of  edge  currents  induced 
by  disorder.  We  find  that  the  spin-related  conductance  plateaux  are  strongly  suppressed  due  to  the  many-body 
effects.  In  the  device  with  low  carrier  density  we  have  been  able  to  induce  the  spin-splitting  and  observe  the  e2/h 
plateau  in  high  magnetic  fields.  From  the  temperature  dependence  of  this  plateau  we  show  that  the  g-factor  in  wires 
is  indeed  much  smaller  than  in  the  2D  case.  We  find  also  that  the  scattering  rate  at  the  “antiresonance”  depends 
linearly  on  the  temperature. 


The  reduced  dimensionality  of  the  electron  gas 
has  a  strong  effect  on  the  quantum  magnetotrans¬ 
port  in  quasi-ballistic  ID  structures.  For  example 
the  increased  role  of  the  edge  states  can  cause 
two  types  of  phenomena  not  observed  in  2D 
systems.  First,  at  magnetic  fields  for  which  the 
Fermi  level  is  close  to  a  new  lD-subband  thresh¬ 
old,  a  pronounced  conductance  dip  (“antireso¬ 
nance”  [1])  should  be  observed,  since  the  states 
carrying  current  in  the  opposite  directions  are 
close  to  the  center  of  the  wire  and  the  impurity 
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induced  backscattering  then  is  strong  [2].  The 
second  effect  is  connected  with  the  total  many- 
body  energy  of  the  ID  electron  gas.  In  wires,  the 
positive  kinetic  energy  of  edge-skipping  electrons 
cannot  be  neglected  as  compared  to  the  negative 
Coulombic  exchange  term.  As  a  result,  in  ID 
systems  the  rcwz-spin-split  quantum  state  can  be 
energetically  favorable  [3],  as  opposed  to  the  2D 
case  [4].  Therefore,  the  exchange  enhancement  of 
the  g-factor,  under  certain  conditions,  is  absent 
and  such  an  effect  should  be  observable  in  the 
transport  properties.  To  our  knowledge,  however, 
most  of  the  conductance  versus  magnetic  field 
data  were  reported  for  short  (<1  ^m)  point 
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contacts,  whereas  the  described  theories  apply 
only  to  long  (or  strictly  speaking  -  infinitely  long) 
quantum  wires. 

In  this  work,  we  verify  both  of  the  above 
theoretical  predictions  by  comparing  the  magne¬ 
totransport  properties  of  a  wide  2D  sample  with 
data  obtained  for  narrow  and  relatively  long 
quasi-ID  structures.  We  studied  non-gated 
GaAlAs/GaAs  heterojunction  wires  of  length  L 
=  20  /I m  and  geometric  width  W  =  0.6  and  0.8 
/ xm  (samples  1  and  2,  respectively),  in  magnetic 
fields  B  up  to  13  T.  We  measured  the  two-termi¬ 
nal  conductance  G  in  the  temperature  range 
0.04-5  K,  using  a  He-3  cryostat  for  the  higher 
temperatures  and  a  dilution  refrigerator  for  the 
lowest  temperatures.  G  as  a  function  of  magnetic 
field  B  was  recorded  using  standard  lock-in  tech¬ 
niques  with  ac  currents  of  1-10  nA  at  17-313  Hz. 

Our  two-terminal  devices  were  formed  by  e- 
beam  lithography  and  prepared  by  a  deep  etching 
technique  from  a  GaAlAs /GaAs  heterostructure 
(2D  electron  density  ns  =  4.1  X  1011  cm"2  and 
mobility  /jl2D  ~  1  X  106  cm2/V  •  s,  T=  4  K).  The 
black  lines  in  the  insert  of  Fig.  1  are  etched 
grooves  defining  the  wire.  The  large  metallic  con¬ 
tacts  (shaded  areas)  are  close  to  the  wire,  the 
distance  being  of  the  order  of  the  device  width. 
The  series  resistance  is  negligibly  small  since  the 
quantization  of  G  at  le2/h  is  exact. 

Nevertheless,  the  mobility  in  wires  was  re¬ 
duced  as  compared  to  the  2D  case;  the  estimated 
values  were  within  the  range  ~  (0.25-0.5)  X  106 
cm2/V  •  s,  which  correspond  to  a  mean  free  path 
/  of  several  microns.  To  compare  our  Q1D  data 
with  the  pure  2D  behavior,  we  measured  also  the 
two-terminal  conductance  of  a  wide  (W  =  2  mm, 
L /W  =  4)  heterostructure  sample  with  ns  and 
/x2D  comparable  to  sample  2. 

The  real  width  of  the  electron  gas  in  our  wires 
was  smaller  than  the  lithographic  one.  This  is  due 
to  a  sidewall  depletion  region,  which  reduces  the 
physical  width  of  the  device  [5].  In  order  to  re¬ 
duce  the  depletion  regions  and  make  sample  1 
conducting,  it  was  illuminated  with  a  red  light 
emitting  diode  (LED). 

To  determine  the  sample  parameters,  we  ana¬ 
lyzed  the  magnetoconductance  oscillations  re¬ 
garding  depopulation  of  the  hybrid  magnetoelec- 


Fig.  1.  G(B )  for  sample  1  at  T  —  0.04  K;  estimated  parame¬ 
ters:  W  =  0.30  +  0.03  nL-lx  106  cm ” 1,  h(o0  -  0.65  meV, 
fi2D  -  0.42  X 10 6  cm2/V-s.  The  dashed  line  was  calculated  for 
an  idealized  ballistic  sample  (at  T  —  0  K)  assuming  parabolic 
confinement  and  the  parameters  given  above.  The  dotted  line 
shows  high  field  data,  recorded  at  T  =  1.6  K,  for  slightly 
higher  («L«10Xl06  cm'1)  carrier  density.  Insert:  sample 
design  (details  see  text). 


trie  levels  as  a  function  of  magnetic  field.  We 
plotted  the  level  indices  against  1/B  (B  corre¬ 
sponding  to  minima  of  G)  and  fitted  these  data 
to  the  formula  derived  in  Ref.  [6]  for  a  parabolic 
confinement.  As  fit  parameters,  we  obtained  the 
ID  subband  separation  hco0  and  linear  density 
nL.  From  the  high  magnetic  field  limit  we  ob¬ 
tained  the  2D  density  ns.  The  width  of  the  wire 
was  then  estimated  as  W=  nL/ns ,  enabling  us  to 
infer  other  parameters,  e.g.,  the  mobility  at  B  =  0. 
The  values  of  the  parameters  obtained  from  this 
analysis  are  given  in  the  figure  captions. 

Fig.  1  shows  the  magnetoconductance  of  sam¬ 
ple  1,  measured  after  illumination  with  the  red 
LED).  For  comparison,  we  calculated  the  magne¬ 
toconductance  of  an  ideal  ballistic  wire,  assuming 
the  parabolic  confinement  potential.  Results  are 
shown  by  the  dashed  line.  Since  an  external  field 
lowers  the  number  of  occupied  subbands,  accord¬ 
ing  to  the  Landauer-Biittiker  formula  [7]  it  gives 
a  steplike  decrease  of  G  for  an  ideal  sample. 
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In  the  real  sample  with  disorder,  the  conduc¬ 
tance  at  low  magnetic  fields  is  strongly  reduced  as 
compared  to  the  ballistic  case  due  to  the  impu¬ 
rity-induced  backscattering  within  the  wire  [5].  At 
higher  fields,  however,  the  scattering  is  sup¬ 
pressed,  and  around  B  =  5  T  there  is  an  exact 
plateau  corresponding  to  G  =  1.  Interestingly, 
near  the  transitions  from  one  magnetoelectric 
subband  to  another,  minima  in  the  conductance 
(the  “antiresonances”)  are  observed.  Around 
those  minima,  the  aperiodic  conductance  fluctua¬ 
tions  are  visible  at  our  lowest  temperatures.  They 
are  presumably  due  to  the  quantum  interference 
effects  connected  with  the  back  and  forth  scatter¬ 
ing  of  electrons. 

Such  a  magnetic  field  behavior  of  a  disordered 
wire  was  recently  theoretically  predicted  by 
Kinaret  and  Lee  [2].  They  considered  the  two- 
terminal  conductance  (at  T  =  0)  as  a  transmission 
problem  for  edge  currents.  At  low  magnetic  fields, 
edge  states  are  wide  and  electrons  can  easily 
scatter.  As  a  result,  the  conductance  is  reduced. 
For  high  magnetic  fields  the  backscattering  is 
strong  when  the  Fermi  energy  reaches  the  bottom 
of  one  of  the  quantized  levels.  This  is  because  the 
states  of  the  higher  subband  become  located  near 
the  center  of  the  wire  and  electrons  can  more 
easily  scatter  across  the  sample  to  the  opposite 
edge  (and  opposite  direction  of  motion).  This 
produces  the  “antiresonance”  in  G  at  the  mag¬ 
netic  field  value  for  which,  in  an  ideal  sample,  the 
perfect  step  would  be  seen.  The  measured  con¬ 
ductance  is  still  reduced  just  after  decoupling  of 
the  upper  channel,  presumably  due  to  the 
backscattering  via  localized  edge-type  currents 
encircling  the  center  of  the  wire.  For  still  higher 
fields  the  flat  plateau  should  reappear,  as  it  is 
indeed  observed  in  the  experiment  for  B  >  5  T. 

Let  us  consider  now  the  spin-splitting  problem. 
Clearly,  in  Fig.  1  there  is  no  evidence  for  the 
antiresonance /  plateau  structure  corresponding 
to  G  —  1.5  (v  =  3)  and  even  more  important  to 
G  =  0.5  (v  =  1).  We  attribute  it  to  the  suppres¬ 
sion  of  spin-splitting  in  ID  devices,  as  predicted 
in  Ref.  [3].  For  our  sample  at  B  >  6  T  the  con¬ 
ductance  continues  to  decrease,  whereas  if  the 
spin-splitting  were  large  (as  in  2D),  one  should 
observe  a  wide  and  well  developed  plateau  with 


value  e2/h.  To  compare  our  data  with  theory,  we 
calculate  the  total  many-body  energy  Etot  of  a 
GaAlAs/GaAs  heterojunction  wire  using  Eqs. 
(12)  and  (13)  from  Ref.  [3],  where  it  is  assumed 
that  only  the  lowest  (degenerate  or  not)  level  is 
occupied  and  that  the  confinement  is  parabolic. 
For  a  given  electron  density  nL  the  concept  of  a 
critical  magnetic  field  Bcr  can  be  introduced.  For 
B  <  Bct  the  spin-splitting  is  suppressed.  With  in¬ 
creasing  field  the  kinetic  energy  of  carriers  is 
reduced,  the  exchange  and  Zeeman  energies  start 
to  dominate  and  the  transition  to  a  spin-split 
phase  occurs  at  B  =  Bcr.  For  smaller  level  separa¬ 
tion  ( ho)Q )  or  smaller  nL  such  a  phase  transition 
occurs  at  a  smaller  Bcr. 

For  sample  1  we  have  Bcv  ~  15-20  T  corre¬ 
sponding  to  ha)0  =  0.65  meV  and  rcL  =  (7-10)x 
106  cm-1.  This  explains  why  the  spin-splitting  is 
not  observed  at  lower  fields.  Note,  however,  a 
weak  increase  of  G  visible  above  10  T  (at  T  =  1.6 
K).  Does  it  mean  that  the  spin-splitting  reappears 
when  B  approaches  Bcrl  To  check  this  we  need  a 
sample  with  smaller  critical  field. 

Fig.  2  shows  data  for  sample  2  (tTgeo  =  0.8 
Ijl  m),  which  was  not  illuminated  before  the  mea¬ 
surement.  The  linear  carrier  density  and  the  level 
separation  fia)0  are  smaller  than  in  sample  1; 
however,  the  physical  widths  are  almost  the  same. 

Let  us  first  consider  the  data  recorded  at  the 
lowest  temperature  ( T  =  0.35  K).  The  general  be¬ 
havior  of  G(B)  is  the  same  as  for  sample  1.  As  a 
function  of  magnetic  field,  we  observed  the  strong 
antiresonances  at  the  magnetoelectric  subband 
onsets,  but  not  for  G  =  1.5.  For  B  >  3.7  T  the 
conductance  decreases  below  0.5;  however,  at 
higher  fields  the  wide  plateau  corresponding  to 
v  =  1  develops.  For  sample  2,  theory  gives  Bcr  ~  9 
T,  which  is  still  above  but  close  to  fields  where 
the  v  =  1  plateau  reappears  in  the  experiment. 

Is  the  assumption  about  the  quenching  of 
spin-splitting  really  necessary  to  explain  our  data? 
One  might  argue  that  the  g-factor  in  wires  shows, 
in  fact,  the  same  oscillating  behavior  as  in  a  2D 
electron  gas,  and  therefore  both  spin  states  can 
be  simultaneously  decoupled  from  the  current/ 
voltage  probes  [8].  Even  though  it  might  be  true 
for  smaller  fields  and  large  filling  factors,  the 
assumption  of  reduced  spin-splitting  is  still  neces- 
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sary  to  explain  the  high  field  region  where  only 
one  channel  is  occupied  and  the  theory  of  Kinaret 
and  Lee  applies.  We  think  that  the  small-spin 
splitting  in  the  ID  case  can  be  directly  inferred 
from  the  temperature  dependence  of  the  high- 
field  magnetoconductance  data. 

For  this  purpose  we  analyzed  the  temperature 
dependence  of  the  reflection  coefficient  &  =  0.5 
-  G  in  the  center  of  the  v  =  1  plateau  (at  B  =  7.3 
T).  For  T  <  IK  this  dependence  is  rather  weak; 
however,  at  higher  T  the  conductance  decreases 
strongly,  and  &  shows  approximately  an  acti¬ 
vated  behavior.  Since  we  are  at  the  center  of  a 
plateau,  the  Fermi  level  is  already  located  be¬ 
tween  the  spin-split  levels.  The  electrons  which 
are  thermally  activated  to  the  upper  empty  sub¬ 
band  are  scattered  back.  This  might  explain  the 
activated  behavior  of  the  reflection  coefficient.  A 
similar  analysis  can  be  applied  to  the  2D  sample. 
The  insert  in  Fig.  2  shows  the  two-terminal  con¬ 
ductance  of  the  wide  2D  device  for  several  tem¬ 
peratures.  Note  the  much  weaker  dependence  of 


Fig.  2.  G(B)  for  sample  2  at  T  =  0.35,  0.60,  0.88,  1.17  and  2.6 
K;  estimated  parameters:  W  -0.33  ±0.03  /um,  nL  =  (5.0±0.2) 
X106  cm-1,  ha)Q  =  0.46  +  0.2  meV,  ^2D  =  0.24 X  106  cm2/ 
V  s.  The  insert  shows  data  for  the  2D  sample  with  ns  =  1.4  X 
1011  cm"2.  Note  the  expanded  scales  of  both  B  and  G  axes, 
as  compared  to  the  main  figure.  Near  5  T,  the  temperature 
dependence  of  the  2D  data  is  opposite  to  that  of  the  ID  data. 
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Fig.  3.  &  =  0.5  -  G  vs  1  /T  for  ID  and  2D  samples  presented 
in  Fig.  2;  &  is  plotted  on  a  logarithmic  scale.  Conductance 
was  taken  for  B  corresponding  to  the  center  of  the  v  =  1 
plateaux  (dashed  lines  are  guides  to  the  eye). 

G  at  the  center  of  plateau.  This  is  demonstrated 
in  the  next  figure. 

Fig.  3  shows  In  versus  1/T  measured  at 
T=  1.6,  2.6  and  5  K  for  sample  2  (in  Fig.  2  data 
at  2.6  K  are  shown).  Also,  the  corresponding  data 
for  the  2D  sample  are  presented.  In  our  interpre¬ 
tation,  the  slopes  of  dashed  lines  (ER)  should  be 
proportional  to  the  energy  separation  between 
the  spin-split  levels.  The  large  quantitative  differ¬ 
ence  in  its  values  ( ER  —  1  and  17  K,  respectively) 
shows  clearly  the  much  smaller  spin-splitting  in 
the  ID  sample,  as  compared  to  the  2D  device.  In 
terms  of  g-factor,  2  ER  corresponds  to  |  g  *  |  ~  8.2 
(2D  at  5  =  5.95  T)  and  to  |g*|«0.4  (ID  at 
B  =  7.3  T). 

Another  large  difference,  in  this  case  also 
qualitative,  is  visible  at  magnetic  fields  below  the 
quantized  plateaux.  In  wires  the  “antiresonances” 
are  apparently  deeper  at  higher  temperatures 
(see  also  Fig.  1),  whereas  in  the  2D  case  the  trend 
is  opposite.  Let  us  study  the  temperature  depen¬ 
dence  of  the  conductance  minima  in  more  detail, 
since  it  might  give  more  insight  to  the  mecha¬ 
nisms  responsible  for  backscattering  in  quantum 
wires. 

At  magnetic  fields  just  below  6  T  (Fig.  2),  the 
Fermi  level  must  be  located  close  to  the  bottom 
of  the  upper  occupied  subband.  Interestingly,  G 
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Fig.  4.  &  =  0.5-  G  vs  temperature  for  T  <  1.17  K.  Lines  are 
guides  to  the  eye.  Data  were  taken  at  the  “antiresonance” 
(solid  lines)  and  for  magnetic  fields  closer  to  the  quantized 
plateau  (dashed  lines). 

shows  here  a  much  stronger  temperature  depen¬ 
dence  for  T  <  1  K,  as  compared  to  the  center  of 
the  plateau.  Fig.  4  shows  &  versus  temperature 
for  T  <  1.17  K.  At  magnetic  fields  corresponding 
to  the  “antiresonance”  depends  linearly  on  the 
temperature.  Note  also,  that  the  straight  solid 
line  for  B  =  5.6  T  extrapolates  to  a  non-zero 
value  for  T  ->  0.  It  indicates  that  the  “antireso¬ 
nances”  exist  also  at  T  =  0  when  the  scattering  is 
purely  elastic.  At  higher  magnetic  fields,  the  con¬ 
ductance  approaches  the  quantized  plateau  and 
both  the  scattering  and  the  temperature  depen¬ 
dencies  are  weaker  at  lowest  T  (dashed  lines). 

The  same  temperature  dependence  was  ob¬ 
served  for  higher,  light  induced,  electron  densi¬ 
ties  in  the  device.  Furthermore,  was  propor¬ 
tional  to  T  also  for  other  conductance  minima, 
indicating  that  such  a  behavior  is  typical  for  the 
“antiresonances”.  As  it  is  known,  in  3D  metals 
the  inverse  of  the  momentum  relaxation  time  is 
proportional  to  T  for  acoustic  phonon  scattering. 
We  think  that  also  in  our  case  the  linear  temper¬ 
ature  dependence  of  the  scattering  rate  is  due  to 


the  nonelastic  interaction  with  acoustic  phonons. 
In  other  words,  the  phonon  emission  makes  the 
“antiresonance”  deeper  with  increasing  T.  Such  a 
mechanism,  involving  the  impurity-assisted  inter- 
and  intraband  emission  of  acoustic  phonons  was 
recently  discussed  in  Ref.  [9]. 

To  separate  the  role  of  disorder  from  the 
spin-related  properties,  we  measured  also  G(B) 
of  a  shorter  (L  =  1.5  fi m,  Wgco  =  0.4  /jl m)  gated 
wire.  The  preliminary  results  obtained  for  T  = 
1. 6-4.2  K  show  that  also  here  the  spin-related 
conductance  plateaux  are  strongly  suppressed; 
however,  the  temperature  dependence  of  G  is 
weaker  as  compared  to  the  long  (L  =  20  fim) 
samples.  Furthermore,  the  conductance  “antires¬ 
onances”  are  not  observed,  as  should  be  expected 
in  this  nearly  disorder  free  sample. 

In  conclusion,  the  high  field  two-terminal  con¬ 
ductance  of  a  quantum  wire  is  not  just  a  result  of 
c txx  and  axy  conductivity  tensor  component  mix¬ 
ing.  The  strong  backscattering  and  large  tempera¬ 
ture  dependence  show  the  influence  of  reduced 
dimensionality  on  the  spin  properties  of  ID  sys¬ 
tems. 

This  work  was  supported  by  the  “Bundes- 
ministerium  fur  Wissenschaft  und  Forschung”, 
Austria,  grant  no.  30.405/3  and  45.283/2. 
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Abstract 

The  internal  potential  seen  by  electrons  within  the  quantum  wire  region  of  split-gate  point  contacts  is  deter¬ 
mined  using  the  thermal  spread  of  the  electron  distribution  function  as  an  “internal  reference”.  The  determi¬ 
nation  of  the  internal  potential  is  used  to  analyze  the  energy  distribution  of  hot  electrons  propagating  between 
two  quantum  point  contacts  spaced  distances  up  to  17  jum  apart.  Even  for  a  spacing  of  17  ji m  there  is  evidence 
that  the  electrons  have  not  reached  thermal  equilibrium  after  propagating  for  this  length. 


Hot  electron  transport,  and  hot  electron  cool¬ 
ing,  are  both  of  great  importance  and  have  been 
investigated  intensively  using  optical  and  trans¬ 
port  methods.  Transport  techniques  have  been 
used  for  hot  electron  spectroscopy  in  transistor 
structures  both  for  structures  where  electrons 
propagate  perpendicular  to  epitaxial  growth 
planes  as  well  as  for  structures  where  transport 
is  parallel  to  the  growth  planes  (see  Ref.  [1]). 
In  the  latter  case  split-gate  quantum  point  con¬ 
tacts  or  gates  are  used  to  analyze  the  electron 
energy  distribution.  One  of  the  major  obstacles 
in  this  type  of  transport  spectroscopy  is  to  deter¬ 
mine  the  “internal  potential”  seen  by  electrons 
inside  the  detector  structure,  i.e.  to  calibrate  the 
spectrometer.  In  Ref.  [2]  this  has  been  done  by 
calibrating  against  the  LO  phonon  frequency, 
which  is  well  known,  while  in  Ref.  [3]  magnetic 
focussing  was  used. 

In  the  present  work  we  analyze  hot  electron 
transport  over  long  distances  using  spectrometer 
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structures  consisting  of  two  separated  split-gate 
quantum  point  contacts  [4] .  In  order  to  perform 
spectrometry,  the  external  voltage  applied  to  the 
gate  electrodes  has  to  be  related  to  the  “inter¬ 
nal”  potential  seen  by  electrons  inside  the  mi- 
crostructure.  The  thermal  spread  of  the  electron 
distribution  is  used  here  as  an  internal  reference 
to  determine  the  “internal”  potential. 

In  the  present  work,  we  use  the  thermal  spread 
of  the  electron  Fermi-distribution  as  the  internal 
standard  of  energy.  This  method  is  schematically 
illustrated  in  Fig.  1.  We  use  the  assumptions 
of  the  Landauer-Buttiker  transport  theory  [  5  ] , 
which  can  be  extended  to  finite  electron  energy 
distributions  and  finite  temperatures  (see,  e.g. 
Ref.  [6] ).  We  assume  that  electrons  are  emitted 
from  the  right  hand  and  left  hand  side  electrodes 
according  to  their  thermal  distributions,  and 
we  neglect  dissipation  within  the  point  contact 
“wires”.  The  total  current  is  determined  by  the 
difference  between  the  current  moving  left  and 
the  current  moving  right.  Note  that  the  famous 
Landauer-Buttiker  formula  comes  in  two  ver- 
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Fig.  1 .  Schematic  energy  diagram  of  a  quantum  point  con¬ 
tact,  as  used  here  for  injection  and  detection  of  carriers. 


External  Gate  Voltage(V) 

Fig.  2.  Conductance  of  a  quantum  point  contact  in  the  low 
transmission  region.  The  characteristic  shows  strong  tem¬ 
perature  dependence,  which  we  use  here  to  deduce  informa¬ 
tion  about  the  position  of  the  first  bound  level  with  respect 
to  the  Fermi  level  in  the  base  region  of  our  structure. 


sions:  a  “two-point-version”  and  a  “four-point- 
version”.  Since  our  contacts  are  far  away  from 
the  obstruction  the  two-point-version  is  appli¬ 
cable.  Thus  we  obtain  for  the  current  I  through 
a  quantum  point  contact,  as  shown  in  Fig.  1: 


d  Ee 


ve 


dn 
d E 


T  (E) 


(1) 


1  1 
exp  (fi(E-eA)  +  1)  exp  (fiE  +  1) 


We  assume  that  the  transmission  factor  T  (E) 
is  independent  of  E  in  the  region  we  study,  and 
set  T(E)  »  r.  We  estimate  r  «  0.8  from  the 
magnitude  of  the  conductivity  at  the  plateau  of 
the  quantum  point  contact  characteristics.  The 
integration  over  energy  in  Eq.  2  can  be  per¬ 
formed  easily.  We  assume  that  only  the  lowest 
conduction  level  within  the  constriction  con¬ 
tributes  to  transport  and  we  obtain  for  the  con¬ 
ductivity  G 


G  =  r 


2e2 


exp(££QWi)  +  1 J 


(2) 


Thus  the  separation  of  the  first  bound  level  in 
the  quantum  point  contact  can  be  determined 
with  reference  to  the  Fermi  level  in  the  surround¬ 
ing  2D  “contact”  area  as  long  as  only  one  sub¬ 
band  is  contributing  to  the  transport. 


The  spectrometer  structures  were  fabricated 
using  electron  beam  epitaxy  onto  MBE  grown 
GaAs/AlxGai_^As  modulation  doped  hetero¬ 
structures.  Hot  electron  spectrometers  were 
made,  consisting  of  two-point  contacts  formed 
by  split-gates  separated  by  distances  between 
2  and  1 8  fim.  The  gap  between  the  electrodes, 
where  the  point  contacts  are  formed,  is  0.25  jum. 

Fig.  2  shows  measurements  of  the  conductiv¬ 
ity  of  the  drain-side  split-gate  point  contact  as 
a  function  of  externally  applied  gate  voltage.  It 
can  be  seen  that  the  conductivity  decreases  ap¬ 
proximately  exponentially  as  the  applied  voltage 
is  increased  into  the  total  cut-off  region.  The  fig¬ 
ure  shows  a  measurement  for  temperatures  of  4.2 
and  1.9  K.  The  temperature  dependence  indi- 


Extemal  Gate  Voltage  (V) 

Fig.  3.  Position  of  the  first  bound  level  in  a  quantum  point 
contact  with  respect  to  the  Fermi  level  in  the  base  region 
as  a  function  of  the  voltage  applied  externally  to  the  gate. 
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Fig.  4.  Current  transfer  ratio  7d//s  as  a  function  of  externally  applied  drain  gate  voltage  Vdg  for  different  source-base  bias 
voltages  Ksb.  The  temperature  is  4.2  K,  source-drain  separation  is  17.84  /mi,  carrier  density  is  0.34  x  1012  cm-2,  and  mobility 
of  the  2D  gas  is  7.0  x  105  cm2/V  s. 


cates  the  dependence  of  the  transmission  charac¬ 
teristic  on  the  electron  distribution.  Using  Eq.  2 
we  derive  the  internal  potential  in  the  point  con¬ 
tact  (corresponding  to  the  energy  of  the  first 
bound  level).  The  resulting  potential  is  shown  as 
a  function  of  the  externally  applied  voltage  for  a 
typical  point  contact  in  Fig.  3.  We  do  not  have  a 
full  explanation  for  the  discrepancy  between  the 
potential  values  determined  for  the  two  differ¬ 
ent  temperatures.  This  discrepancy  points  to  the 
main  limitations  of  the  present  analysis:  assum¬ 
ing  constant  transmission  T(E),  and  neglect¬ 
ing  contributions  from  higher  subbands.  Further 
factors  may  be  the  temperature  dependence  of 
screening,  and  also  the  influence  of  temperature 
dependent  scattering. 

We  injected  electrons  with  varying  excess  en¬ 
ergies  into  the  2DEG  formed  between  the  two 
point  contacts,  varying  the  external  voltage  ap¬ 
plied  to  the  second  point  contact.  The  excess 
energy  is  applied  by  biasing  an  ohmic  contact 
formed  to  the  source  region  with  respect  to 
the  base  region.  The  base  region  is  connected 
to  ground.  The  current  transfer  ratio  is  mea¬ 
sured  by  determining  the  ratio  of  the  current 


injected  into  the  source  region  with  respect  to 
the  current  through  the  drain  region.  Fig.  4 
shows  the  transfer  ratio  /drain /^source  as  a  func¬ 
tion  of  external  drain  gate  voltage  for  differ¬ 
ent  injection  bias  voltages.  The  measurement 
is  at  a  temperature  of  4.2  K,  the  carrier  den¬ 
sity  is  n  -  0.34  x  1012  cm"2,  and  the  mobility 
is  ju  =  7.0  x  105  cm2/V  s.  The  spacing  of  the 
source  gate  and  the  drain  gate  is  17.8  fit n.  Fig.  5 
shows  the  first  derivatives  of  the  current  trans¬ 
fer  curves  from  Fig.  4.  Injection  energies  in  the 
range  of  0  to  80  mV  were  studied  here. 

The  derivatives  of  the  transfer  ratio  in  Fig.  5 
are  expected  to  be  closely  related  to  the  energy 
spectrum  of  the  electrons  as  they  arrive  at  the 
drain  gate  after  propagating  for  17.8  fi m.  The 
figure  clearly  shows  a  shift  of  the  energy  distri¬ 
bution  to  higher  energies  as  the  injection  energy 
is  increased,  while  a  broad  tail  at  higher  energies 
develops.  For  low  injection  voltages  the  width  of 
the  main  peak  is  approximately  3 k  T  as  expected, 
while  it  broadens  considerably  for  higher  injec¬ 
tion  energies.  Fig.  4  shows  clearly  a  reduction  of 
the  peak  transmission  probability  as  the  injec¬ 
tion  energy  exceeds  an  energy  of  around  40  meV, 
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Fig.  5.  First  derivative  of  the  current  transfer  ratio  dr/dVdg  as  a  function  of  externally  applied  drain  gate  voltage  Fdg  for 
different  injection  bias  voltages  Fsb.  (Derived  from  the  data  in  Fig.  4.) 


and  Fig.  5  shows  a  similar  effect  for  the  first 
derivative  of  the  transmission  spectrum,  also  in¬ 
dicating  the  effect  of  LO  phonon  scattering  when 
the  injection  energy  exceeds  the  LO  phonon  en¬ 
ergy  of  36.4  meV. 

In  summary,  we  have  observed  the  energy  dis¬ 
tribution  of  hot  electron  beams  after  they  have 
propagated  through  distances  up  to  17  pim.  Even 
after  this  long  distance,  the  electron  distribu¬ 
tion  has  not  fully  thermalized  .  A  new  method  is 
proposed  to  determine  the  position  of  the  first 
bound  level  within  a  quantum  point  contact  con¬ 
striction,  and  thus  the  “internal  potential”,  seen 
by  electrons  within  the  structure.  Thus  the  ther¬ 
mal  energy  distribution  of  electrons  is  used  as  an 
internal  energy  scale. 
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Abstract 

We  report  measurements  of  the  magnetoresistance  of  long  (>  50  gm),  narrow  (<  1  gm)  quantum  wires  fabricated 
from  a  high  mobility  two-dimensional  electron  gas.  We  observe  that,  at  low  filling  factors,  the  Shubnikov-de  Haas 
oscillations  split  into  a  series  of  sharp  peaks  which  we  attribute  to  resonant  tunnelling  between  edge  states  through 
localized  states  in  the  bulk.  The  results  are  in  excellent  agreement  with  the  theoretical  model  of  Jain  and  Kivelson. 


In  the  quantum  Hall  regime  of  a  high  mobility 
two-dimensional  electron  gas  (2DEG)  the  edge 
state  model  of  electron  transport  [1,2]  has  pro¬ 
vided  considerable  insight.  Even  between  Hall 
plateaux,  where  the  longitudinal  resistance  is 
non-zero,  it  has  been  possible  to  understand  the 
measured  resistance  in  terms  of  macroscopic 
transmission  probabilities  between  edge  channels 
[3,4].  In  mesoscopic  samples  fabricated  from  nar¬ 
row  wires  (~  1  jx m)  various  authors  [5-7]  have 
reported  temperature  dependent  resistance  fluc¬ 
tuations  within  the  Shubnikov-de  Haas  oscilla¬ 
tions  (SdHO).  These  fluctuations  have  been  as¬ 
cribed  either  to  universal  conductance  fluctua¬ 
tions  (UCF)  [6,8]  or  to  resonant  tunnelling  be¬ 
tween  edge  states  through  a  localized  state  in  the 
bulk  2DEG  [5,9].  In  this  paper  we  present  results 
from  a  narrow  sample  in  which  we  observe  simi¬ 
lar  but  much  stronger  fluctuations  than  have  been 
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reported  earlier.  We  are  able  to  rule  out  UCF  as 
the  source  of  these  fluctuations  and  we  provide 
quantitative  evidence  that  their  origin  lies  in  reso¬ 
nant  tunnelling  between  edge  states  through  sev¬ 
eral  localized  states  in  the  bulk. 

The  inset  to  Fig.  1  shows  the  topology  of  the 
wires  used  in  the  experiment.  They  were  fabri¬ 
cated  by  electron  beam  lithography  from  GaAs / 
(AlGa)As  heterostructures  with  a  low  tempera¬ 
ture  mobility  of  20  m2  V-1  s-1  and  electron 
density  4.3  X  10 11  cm-2  in  the  2DEG  after  fabri¬ 
cation.  The  conducting  width  of  all  sections  of 
the  wire  is  ~  1  gm.  Probe  pair  B  and  H  are  10 
ji m  from  pair  C  and  G,  which  in  turn  are  20  }±m 
from  probes  D  and  F.  The  measurement  leads 
have  a  relatively  very  long  length  of  50  ^m.  For  a 
four-wire  resistance  measurement  we  use  the 
normal  convention  that  7?ijkl  =  VkX/I{-,  where  Vkl 
is  the  voltage  difference  between  contacts  k  and  1 
due  to  a  current  passing  between  i  and  j.  A 
typical  local  magnetoresistance  trace  is  shown  in 
Fig.  la  for  the  configuration  READB  at  a  temper- 
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Fig.  1.  Magnetoresistance  traces  at  0.3  K  for  local  (a)  and 
non-local  (b)  configurations.  Inset:  Schematic  representation 
of  the  wire  geometry. 

ature  of  0.29  K  with  the  magnetic  field,  B ,  ap¬ 
plied  perpendicular  to  the  2DEG.  For  notation 
purposes  we  label  each  resistance  zero  in  terms 
of  the  filling  factor  v  =  h/(e2Rn),  where  RH  is 
the  Hall  resistance.  In  Fig.  1,  v  —  2  at  5  =  9  T. 
Pronounced,  reproducible  resistance  fluctuations 
are  visible  for  filling  factors  v  <  4.  For  compari¬ 
son,  a  non-local  resistance  curve  corresponding  to 
Rc GDF,  where  the  voltage  contacts  are  remote 
from  the  classical  current  path,  and  taken  at  the 
same  temperature  is  also  shown  in  Fig.  lb.  Again, 
large  fluctuations  are  visible  in  the  SdHO. 

In  Fig.  2a  we  plot  the  magnetoresistance  at 
T=  300  mK  in  the  local  configuration  of  Fig.  la 
between  v  =  2  and  v  =  4.  The  resistance  mini¬ 
mum  shown  by  the  dashed  line  is  v  —  3  so  that 
the  SdHO  on  either  side  of  the  line  correspond  to 
the  chemical  potential  being  in  Landau  levels  of 
different  spin  polarization,  as  shown  schemati¬ 
cally  by  the  arrows.  The  fluctuations  are  far 
stronger  in  the  right  hand  SdHO;  an  observation 
which  is  true  in  all  configurations.  In  Fig.  2b  we 
show  the  SdHO  between  v  =  1  and  v  =  2  for  the 


same  conditions  as  in  Fig.  2a.  It  is  immediately 
clear  that  the  quasi-period  of  the  fluctuations  is 
not  the  same  in  different  SdHO.  In  Fig.  2a  the 
two  SdHO  have  approximately  the  same  number 
of  peaks  even  though  the  strength  is  very  differ¬ 
ent.  Furthermore,  the  number  of  peaks  in  the 
SdHO  shown  in  Fig.  2b  is  also  approximately  the 
same.  This  contrasts  sharply  with  the  observation 
of  a  ^-independent  quasi-period  reported  by 
Simmons  et  al.  [5]  for  their  much  weaker  struc¬ 
ture.  In  Fig.  2c  we  plot  the  equivalent  SdHO  as  in 
Fig.  2a  but  for  a  non-local  configuration  RCDBH 
in  which  the  voltage  probes  are  10  fim  from  the 
classical  current  path.  There  is  a  similar  distinc¬ 
tion  between  the  spin-split  levels. 


B  (T) 


Fig.  2.  Magnetoresistance  at  0.3  K  for  local  configuration  for 
(a)  5.5  <B  <7.5  T,  (b)  11.7  <B<  13.7  T  and  (c)  for  the 
non-local  configuration,  RCdbh  for  5.5  <  B  <  7.5  T. 
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Conductance  fluctuations  have  been  observed 
in  the  quantum  Hall  regime  by  several  authors 
[5-7].  The  origin  of  the  fluctuations  has  been 
ascribed  to  UCF  [6,8],  resonant  tunnelling  be¬ 
tween  edge  states  through  a  single  localized  state 
in  the  bulk  of  the  wire  [5,9]  and  Coulomb  block¬ 
ade  [7].  None  of  these  explanations  is  able  to 
explain  our  observations.  The  fluctuations  we  ob¬ 
serve  in  the  non-local  geometry  are  ~  100%  of 
the  total  resistance  and  yet  the  separation  be¬ 
tween  the  current  and  voltage  probes  can  be  as 
much  as  30  fim,  a  large  distance  compared  with 
phase  coherence  length  at  this  temperature  ( ~  5 
jim).  It  follows  that  the  fluctuations  are  not  UCF. 
Also,  Simmons  et  al.  [5]  ascribe  the  quasi-peri¬ 
odicity  of  their  fluctuations  to  the  Aharonov- 
Bohm  effect  in  a  single  localized  state  in  the  bulk 
of  the  wire.  In  that  case  the  fluctuations  are  more 
visible  near  the  resistance  minima  and  are  very 
sharp  and  difficult  to  observe  in  the  centre  of  the 
peaks  [5,9],  in  contrast  to  our  observations. 

Our  results  can  be  explained  in  terms  of  a 
model  related  to  that  first  proposed  by  Jain  and 
Kivelson  [9].  The  resistance  fluctuations  are 
caused  by  resonant  tunnelling  between  edge  states 
but  through  a  number  of  parallel  channels  rather 
than  through  a  single  localized  state.  Essentially, 
we  associate  each  resistance  peak  with  a  particu¬ 
lar  resonant  channel.  For  a  particular  channel  to 
be  resonant  requires  sufficient  overlap  between 
the  wavefunctions  of  the  edge  and  bulk  states 
and  a  whole  number  of  flux  quanta  threading  the 
localized  orbit.  In  our  sample,  changing  B  re¬ 
duces  the  wavefunction  overlap  sufficiently  that, 
before  another  flux  quantum  can  thread  the  or¬ 
bit,  the  resonance  amplitude  has  fallen  drasti¬ 
cally.  This  explains  the  observation  that  within 
any  Landau  level  the  number  of  fluctuations  is 
approximately  the  same.  If  the  origin  of  the  fluc¬ 
tuations  were  explained  in  terms  of  tunnelling 
through  a  single  state  the  quasi-period  would  be 
due  to  a  flux  quantum  threading  the  area  of  the 
localised  state  and  would  be  approximately  inde¬ 
pendent  of  v. 

The  model  of  Jain  and  Kivelson  makes  specific 
predictions  for  the  temperature  and  magnetic 
field  dependence  of  an  individual  resonant  tun¬ 
nelling  peak.  Fig.  3  shows  the  temperature  de- 


B  (T) 


Fig.  3.  Magnetoresistance  in  the  non-local  configuration 
RACDF  at  T  =  0.28  K  (solid  line),  0.8  K  (dotted  line)  and  3  K 
(dashed  line). 

pendence  of  a  SdHO  measured  in  the  non-local 
geometry  RACDF.  For  6.2  <B  <  6.7  T  there  is  a 
monotonic  temperature  dependence,  with  the 
peaks  being  stronger  and  sharper  at  lower  tem¬ 
peratures.  For  6.7  <  B  <  12  T,  the  temperature 
dependence  is  much  more  complicated  and  is 
discussed  in  more  detail  below.  We  consider  the 
strong  central  feature  in  Fig.  3  which  exhibits  a 
strong  and  monotonic  dependence  on  tempera¬ 
ture.  According  to  Ref.  [9]  the  resistance  peak 
due  to  a  resonant  channel  is  described  by 

RifjL,  T )  «  (k^y1  exp[|M -E0\/kBT],  (1) 

where  R(jjl ,  T)  is  the  resistance  peak  due  to  a 
resonant  state  with  energy  E0  and  n  is  the  chem¬ 
ical  potential.  The  equation  is  valid  provided  that 
JcbT  is  larger  than  the  natural  linewidth  of  the 
resonance.  In  Fig.  4a  we  plot  d(ln  R)/d{hcoc) 
versus  1/T  for  the  principal  peak  in  Fig.  3, 
shown  by  the  open  circles.  We  also  plot  the 
maximum  value  of  d(ln  R)/d(fia)c)  at  a  given  T 
for  the  rest  of  the  fluctuations,  as  shown  by  the 
filled  circles.  This  plot  assumes  that  fi  ~  ( N 
—  \)ha)c±g*i^BB,  where  N  is  the  number  of 
filled  (spin  degenerate)  Landau  levels,  g*  is  the 
effective  Lande  g-f actor  and  jjlb  is  the  Bohr 
magneton.  The  value  of  g  *  is  not  well  known,  is 
oscillatory  and  for  this  Landau  level  the  Zeeman 
term  is  negative.  The  slope,  d/x/d(/zwc),  of  the 
best  line  drawn  through  the  points  is  0.9,  which 
gives  a  value  of  g  *  =  17  which  is  consistent  with 
values  determined  from  activation  plots  [10].  In 
Fig.  4b  we  plot  In  R  versus  In  T  for  the  ampli¬ 
tude  of  the  strongest  peak  (open  circles)  in  Fig.  3 
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Fig.  4.  (a)  d(ln  R) /d(ft<uc)  versus  1  /T  for  principal  peak  of  Fig.  3  (open  circles).  See  text  for  explanation  of  filled  circles,  (b)  In  R 
versus  In  T  for  two  peaks  of  Fig.  3. 


and  the  peak  immediately  to  its  left  (filled  circles). 
Referring  to  Eq.  (1)  we  see  R  a  at  the  peak 
maximum  which  is  represented  by  the  line  in  Fig. 
4b.  The  agreement  with  the  experimental  data  is 
excellent. 

Two  features  of  the  experimental  data  are  not 
explained  directly  by  the  model.  The  first  is  the 
asymmetry  of  the  strength  of  the  fluctuations  (see 
Figs.  2a  and  2c).  Referring  to  Fig.  5,  which  is  a 
schematic  representation  of  the  Landau  levels  in 
our  device,  the  fluctuations  are  weak  when  the 
chemical  potential,  fi,  is  in  a  Landau  level  where 
the  nearest  totally  filled  level  is  only  separated  by 
the  Zeeman  energy.  This  situation  is  represented 
by  line  fix  in  Fig.  5.  When  fi  is  in  position  fiy, 
where  the  nearest  filled  level  is  an  energy  hcoc 
away,  the  fluctuations  are  strong.  We  can  under¬ 
stand  these  observations  by  considering  a  Lan- 
dauer-Buttiker  [1]  picture  for  the  edge  states.  At 


represent  /x  at  three  different  magnetic  fields. 


jlx9  because  the  Zeeman  energy  splitting  is  rela¬ 
tively  small,  it  is  easy  for  electrons  in  the  par¬ 
tially-filled  level  to  equilibrate  with  electrons  in 
the  filled  level.  This  tends  to  smooth  out  fluctua¬ 
tions,  which  are  always  due  to  resonances  in  the 
uppermost  level,  since  the  current  is  shared  be¬ 
tween  the  two  uppermost  levels.  With  the  chemi¬ 
cal  potential  at  fiy  the  nearest  filled  level  is  an 
energy  hcoc  away  and  equilibration  is  much  harder 
because  the  wavefunction  overlap  between  the 
adjacent  edge  states  is  much  smaller.  The  second 
unexplained  experimental  observation  is  the 
non-monotonic  temperature  dependence  of  some 
of  the  features  as  displayed  in  Fig.  3.  In  terms  of 
Fig.  5,  we  obtain  the  expected  T  dependence  at 
jjLy  and  the  non-monotonic  behaviour  when  the 
chemical  potential  is  at  fiz.  This  observation  re¬ 
mains  something  of  a  puzzle.  Most  probably,  the 
non-monotonic  behaviour  is  related  to  other  ef¬ 
fects  which  are  known  to  occur  in  devices  of  this 
sort  [3]  for  example,  temperature-dependent 
equilibration  between  edge  states  and/or  contact 
transmission  coefficients. 

To  summarize,  we  have  observed  profound 
aperiodic  structure  in  the  SdHO  of  long,  narrow 
quantum  wires  in  the  quantum  Hall  regime.  We 
are  able  to  rule  out  UCF  as  a  possible  explana¬ 
tion  of  the  effect  and  instead,  we  are  able  to 
compare  our  data  successfully  with  a  model  based 
on  resonant  tunnelling  through  localized  states  in 
the  bulk  of  the  wire.  Comparison  between  differ¬ 
ent  SdHO  indicates  that  it  is  likely  that  the  fluc¬ 
tuations  are  due  to  a  number  of  resonant  chan- 
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nels.  We  note  that  if  two  particular  four-wire 
resistance  measurements  share  a  particular  con¬ 
tact,  then  there  is  also  a  correlation  between  the 
fluctuations  observed  for  a  given  SdHO.  The 
different  spin-split  Landau  levels  show  different 
strengths  of  fluctuation  which  can  be  explained  in 
terms  of  inter-edge  scattering.  We  note,  finally, 
that  in  our  mesoscopic  samples,  in  which  the 
width  is  much  larger  than  the  magnetic  length, 
the  resistance  within  the  SdHO  is  determined  by 
single  electron  tunnelling  paths  across  the  width 
of  the  sample. 
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Abstract 

We  report  experimental  results  on  charge  transport  in  a  low  disorder  and  low  density  one-dimensional  electron 
system.  We  find  a  gate  tuned  transition  to  an  insulating  phase  at  high  magnetic  fields  and  conductance  oscillations  as 
a  function  of  density  in  this  ^-induced  insulating  phase.  A  careful  study  of  the  temperature  dependence  and  the 
current-voltage  characteristics  of  these  conductance  oscillations  is  made  and  the  results  fit  the  recent  theoretical 
model  of  one-dimensional  Wigner  solid. 


Recently,  Scott-Thomas  et  al.  [1]  found,  in  a 
narrow  Si  inversion  layer,  periodic  conductance 
oscillations  as  a  function  of  the  density.  They 
interpreted  the  oscillations  as  manifestation  of  a 
one-dimensional  charge-density-wave  (ID  CDW) 
[2]  pinned  by  impurities  in  the  channel.  The  pin¬ 
ning  energy  is  maximized  whenever  the  density  is 
commensurate  with  an  integer  number  of  elec¬ 
trons  between  two  pinning  centers,  resulting  in 
periodic  oscillations  of  the  conductance  as  the 
electron  density  is  changed.  Subsequently,  the 
formation  of  a  one-dimensional  Wigner  solid  (ID 
WS)  in  a  low  disorder  and  low  density  one-di¬ 
mensional  electron  system  (ID  ES)  was  theoreti¬ 
cally  studied  by  Averin  and  Likharev  [3],  and  by 
Glazman,  Ruzin,  and  Shklovskii  (GRS)  [4].  Both 
theoretical  papers  emphasize  that  in  the  low  den¬ 
sity  limit,  when  n1D  <(l/aB)  (where  nlT>  is  the 
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ID  electron  density  and  aB  is  the  Bohr  radius, 
~  100  A  in  GaAs),  the  electrons  are  expected  to 
form  a  ID  WS  pinned  by  weak  potential  fluctua¬ 
tions  in  the  channel.  In  a  more  recent  paper, 
Averin  and  Nazarov  (AN)  [5]  calculated  the  tem¬ 
perature  (T)  dependence  of  the  maxima  and  min¬ 
ima  of  such  conductance  oscillations,  based  on 
the  charge  density  wave  tunneling  theory  of 
Larkin  and  Lee  [6]. 

In  principle,  the  n1DaB  <  1  regime  can  be 
reached  by  simply  decreasing  the  channel  width 
(IT).  In  a  usual  split-gate  channel  fabricated  on 
high  density  GaAs/Al^Ga^As  2D  ES,  the 
n1DaB  <  1  condition  is  expected  to  be  obtained  by 
biasing  the  gate  strongly  such  that  the  channel  is 
near  pinch-off.  In  reality,  however,  such  channels 
have  strong  disorder  and  it  has  not  been  possible 
to  maintain  an  ideal,  open  channel  near  pinch-off. 
One  way  of  overcoming  this  problem  is  to  fabri¬ 
cate  a  split-gate  channel  on  a  low  density,  low 
disorder  2D  ES.  In  this  case,  the  nlDaB  <  1  limit 
can  be  reached  even  when  W  is  not  extremely 
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small  and  the  channel  is  still  far  away  from  pinch- 
off. 

In  this  paper,  we  report  experimental  results 
on  charge  transport  in  the  low  disorder  and  low- 
density  <  1)  regime  where  the  formation 

of  ID  WS  is  anticipated.  The  sample  is  a  1  fi 
wide  split-gate  channel  fabricated  on  a  wafer  of 
GaAs/Al/Ta^As  heterostructure  with  an  ex¬ 
tremely  low  two-dimensional  density,  n2 D  =  6.5  X 
1010  cm-2  and  high  mobility,  fi  =  106  cm2/V  •  s. 
In  this  sample,  W  and  n1D  can  be  varied  in  a 
wide  range  by  biasing  the  split-gate  bias,  Vg. 

The  details  of  charge  transport  characteristics 
at  B  —  0  and  at  low  B  is  reported  elsewhere  [7] 
and  can  be  summarized  as  follows:  (1)  At  B  =  0, 
quantized  conductance  steps,  at  integer  multiples 
of  2 e2/h,  are  observed  in  our  channel.  The  fabri¬ 
cated  channel  length  is  1.2  ^m  at  Vg  =  0  and  an 
even  longer  channel  is  expected  for  more  nega¬ 
tive  V .  To  our  knowledge,  the  conductance  quan¬ 
tization  in  such  a  long  channel  fabricated  on  such 
a  low  2D  electron  density  wafer  has  not  been 
observed  before  [8].  Analysis  of  these  quantized 
steps  shows  that  we  can  change  n1D  in  a  wide 
range,  reproducibly  reaching  the  n1DaB  <  1 
regime  (corresponding  to  the  bias  range,  —  2.2  < 
V  <  —1.45  V),  and  more  importantly,  that  un¬ 
precedentedly  smooth  and  weak  potential  fluctu¬ 
ations  are  obtained  in  the  channel.  (2)  In  the 


presence  of  B ,  we  observe  the  integer  (IQHE) 
and  fractional  quantum  Hall  effect  (FQHE)  states 
(well  defined  1/3  state)  in  the  channel.  Analysis 
of  the  IQHE  states  shows  that  the  channel  has  a 
Vg  dependence  on  the  electron  density  predicted 
by  the  calculation  of  split-gate  channel  with  no 
disorder  [9]. 

For  B  higher  than  that  for  the  1/3  FQHE 
state,  the  channel  becomes  an  insulator.  Fig.  la 
shows  the  diagonal  resistance  across  the  channel, 
Rn ,  at  Vg  —  -1.855  V  in  the  v  <1  regime,  at 
T  =  35,  112,  300  mK.  Qualitatively,  the  T  depen¬ 
dence  of  Rn  changes  drastically  in  the  range, 
3.5  <B  <  4.2  T,  showing  an  almost  constant  Rn 
at  low  B  and  a  rapid  increase  of  Rn  with  decreas¬ 
ing  T  at  high  B.  Fig.  lb  shows  in  better  detail  the 
T  dependence  at  fixed  B  in  this  range  from 
B  =  3.0  to  4.6  T.  It  is  clear  that  there  are  two 
distinct  regimes  showing  two  different  T  depen¬ 
dences.  For  B  <  3.8  T,  the  ID  channel  is  metallic 
in  that  Rn  is  approximately  independent  of  T; 
for  B  >  3.8  T,  Rn  increases  as  T  decreases  and 
the  channel  behaves  as  an  insulator.  This  is  espe¬ 
cially  apparent  for  the  B  >  4.0  T  data,  where  the 
increase  is  rapid  and  Rn  is  approaching  to  °c  as 
T^0.  This  transition  of  the  ID  channel  into  an 
insulating  state  can  therefore  be  characterized  by 
a  B  field,  BM_l7  which  is  ~  3.8  T  at  Vg  =  —1.855 
V. 


Fig.  1.  (a)  The  diagonal  resistance,  Rn,  at  Vg  =  - 1.855  V  in  the  v  <  1  regime,  at  T  —  35,  112,  300  mK.  Notice  a  dramatic  change  in 
the  T  dependence  of  Rn  in  the  range,  3.5  <  B  <  4.2  T.  (b)  More  quantitative  T  dependence  of  Rn  at  fixed  B  in  the  range, 
3.0  <B  <4.6  T. 
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Fig.  2.  ( B ,  Kg)  phase  diagram  showing  the  deduced 

from  the  data  of  3  different  cool-downs.  Two  straight  lines  are 
eye-guide  lines. 

We  have  investigated  the  T  dependences  of 
Rn  as  a  function  of  B  and  Vg,  and  the  BM_{ 
deduced  from  the  data  taken  from  3  cool-downs 
are  summarized  in  Fig.  2.  The  vertical  dashed 
line  in  the  figure  indicates  the  Vg  below  which 
the  channel  is  already  insulating  at  B  —  0  (the 
conductance  of  the  channel,  G  <  e2/h,  Vg  <  -2.2 
V),  and  the  IQHE  is  not  observed.  The  upper  left 
part  of  the  graph  is  the  B  field  induced  insulating 
phase  where  Rn  increases  with  decreasing  T.  The 
lower  right  part  is  the  metallic  phase  where  the 
QHE  states  are  observed.  The  IQHE  states  are 
observed  in  the  entire  bias  range  on  the  right-hand 
side  of  the  dashed  line  mentioned  above  and  the 
FQHE  states  are  observed  at  Vg>  - 1.9  V.  BM_l 
clearly  varies  with  Vgf  being  smaller  at  larger 
—  Vg.  In  terms  of  the  Landau  level  filling  factor, 
the  transition  occurs  in  the  range  0.28  <  v  <  0.33, 
when  2.8  X  1010  cm-2  <  n2D  <  6.5  X  1010  cm-2 
(Fg>  -1.9  V),  and  at  larger  filling  factors  (0.57 
<  v  <  0.77),  when  n2B>  <  2.8  X  1010  cm-2  (Vg  < 
-1.9  V). 

In  our  low  disorder  and  low  density  (nlDaB<  1) 
one-dimensional  channel,  a  pinned  ID  WS  is 
clearly  a  possible  ground  state  for  the  observed 
^-induced  insulating  phase  and  the  most  striking 
characteristic  of  charge  transport  in  such  an  insu¬ 
lator  is  the  oscillations  predicted  in  the  conduc¬ 
tance  as  a  function  of  electron  density.  We  also 
systematically  studied  conductance  traces  as  a 
function  of  density  (which  is  tuned  by  a  backgate 
bias,  VBG)  in  the  entire  (Vg,  B)  plane  of  the 


phase  diagram,  Fig.  2.  We  find  that  the  conduc¬ 
tance  oscillations  are  observed  in  the  insulating 
phase  nlDaB  <  1  regime  (Vg  <  - 1.45  V).  Fig.  3  is 
a  demonstration  of  the  fact  that  conductance 
oscillations  are  observed  only  in  the  5-induced 
insulating  phase,  showing  a  set  of  G  versus  VBG 
data,  taken  at  Vg  =  -2.061  V,  for  several  B’s  for 
B  <  2.7  T.  As  seen  in  Fig.  2,  BM_Y  «  1.7  T  at  this 
Vg.  In  the  metallic  regime  (5  =  0  and  1  T),  there 
are  no  conductance  oscillations.  In  particular,  at 
B  =  1  T,  G  shows  a  wide  plateau  of  e2/h,  sug¬ 
gesting  the  v  =  1  IQHE  state  in  the  narrow  chan¬ 
nel.  When  the  channel  is  in  the  insulating  phase 
(B  =  2.0,  2.5,  and  2.7  T  data),  conductance  oscil¬ 
lations  appear.  These  oscillations  become  sharper 
and  more  developed  as  B  increases.  Fig.  3f  shows 
the  Fourier  transform  of  the  data  taken  at  B  =  2.7 
T,  clearly  showing  a  peak  corresponding  to  a 
dominant  oscillation  periodicity  of  0.83  V. 

A  careful  study  of  the  T  dependences  and  the 
current-voltage  (I-V)  characteristics  of  these  os¬ 
cillations  was  made  and  the  results  were  analyzed 
in  terms  of  the  ID  WS  model  of  GRS  and  AN. 
The  most  important  prediction  of  the  AN  model 


Fig.  3.  A  set  of  G  vs.  VBG  data  taken  at  Kg  =  -2.061  V,  for 
several  B’s  for  B  <  2.7  T. 
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is  that  both  the  conductance  maxima  (Gmax)  and 
the  conductance  minima  (Gmin)  follow  power  law 
dependences  on  T ,  and  as  a  result,  both  Gmax 
and  Gmin  increase  with  increasing  T.  Our  data 
show  wide  VBG  ranges  where  both  Gmax  and  Gmin 
increase  with  T.  We  fit  the  data  with  the  pre¬ 
dicted  power  law  and  obtain  parameters  in  rea¬ 
sonable  agreement  with  estimation.  We  also  ob¬ 
serve  a  sharp  threshold  in  the  I-V  taken  from 
the  oscillation  data.  When  V  is  smaller  than  the 
threshold  voltage,  the  differential  conductance 
also  fits  the  power  law  predicted  by  GRS,  again 
with  reasonable  parameters  [7]. 

In  conclusion,  we  have  studied  our  low  density 
low  disorder  ID  ES  at  high  B .  We  identify  a 
transition  into  a  5-field-induced  insulating  phase. 
More  importantly,  we  observe  conductance  oscil¬ 
lations,  predicted  to  occur  in  ID  WS,  in  this 
5-induced  insulating  phase  in  the  nlDaB  <  1  low 
density  limit.  The  analysis  of  the  observed  con¬ 
ductance  oscillations  shows  that  many  of  the 
quantitative  and  qualitative  features  of  our  data 
are  consistent  with  the  ID  WS  model.  In  particu¬ 
lar,  the  T  dependences  and  the  I-V  characteris¬ 


tics  can  be  quantitatively  explained  by  the  ID  WS 
model  with  reasonable  parameters. 

This  work  is  supported  in  part  by  the  NSF  and 
the  ONR. 
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Abstract 

Electron  quantum  wires  on  Si  surfaces  have  been  prepared  at  the  boundary  between  a  Schottky  contact  and  an 
MOS  structure  with  electron  inversion  layer  at  the  Si-Si02  interface.  In  tunneling  from  the  metal  into  the  inversion 
layer  and  vice  versa  the  spectroscopic  signal  d2I/dV2  exhibits  short-period  oscillations  which  can  be  attributed  to 
the  ID  electron  states  at  the  edge  of  the  2D  electron  gas. 


1.  Introduction 

The  investigation  of  quantum  effects  in  one-di¬ 
mensional  (ID)  electronic  systems  depends  sensi¬ 
tively  on  sophisticated  microfabrication  tech¬ 
niques.  Narrow  electron  inversion  channels  on  Si 
which  showed  lateral  quantization  have  been  pre¬ 
pared  by  means  of  X-ray  [1],  holographic  [2],  or 
electron-beam  lithography  [3],  where  the  lateral 
confinement  potential  was  formed  electrostati¬ 
cally  using  the  split-gate  configuration.  Typical 
ID  subband  separations  were  about  several  meV, 
as  determined  from  ID  conductance  oscillations 
[1,3]  or  from  far-infrared  spectroscopy  [2].  While 
optical  intersubband  resonances  contain  domi¬ 
nant  collective  contributions  [2,4],  tunneling  spec¬ 
troscopy  is  capable  of  giving  directly  the  one-par- 
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tide  level  energies.  This  technique  has  been  suc¬ 
cessfully  applied  to  split-gate-induced  quantum 
wires  in  GaAs  using  vertical  Schottky-barrier  tun¬ 
neling  [5],  lateral  double-barrier  tunneling  [6,7], 
and  lateral  single-barrier  tunneling  [8].  Much 
larger  ID  level  separations  than  the  typical  2-5 
meV  in  nanolithographically  defined  structures 
have  been  achieved  by  regrowth  of  a  2D-1D-2D 
tunneling  structure  on  the  vertical  cleavage  plane 
of  a  conventional  layered  double-barrier  device 
[9].  However,  tunneling  in  Si  quantum  wires  has 
not  been  reported  so  far.  In  this  work  we  have 
performed  a  tunneling  spectroscopy  of  a  single  Si 
quantum  wire,  where  a  novel  self-aligned  fabrica¬ 
tion  scheme  based  on  standard  photolithography 
is  used  to  achieve  a  strong  lateral  confinement. 
The  resulting  ID  electron  system  is  located  at  the 
edge  of  a  2D  electron  inversion  layer.  Features  in 
the  derivative  d2f/dV2  of  the  current(/)- volt¬ 
age^)  characteristics  taken  from  appropriate 
metal-Si02-Si  (MOS)  tunnel  junctions  indicate  a 
ID  level  separation  of  the  order  of  10  meV. 
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2.  Sample  preparation 

Fig.  1  shows  an  idealized  cross  section  of  the 
investigated  structures.  The  preparation  started 
from  0.3  ft  *  cm  p-type  Si(001)  wafers.  Phospho¬ 
rous  diffusion  through  an  oxide  mask  forms  n+ 
source  and  drain  contact  wells  of  a  conventional 
MOS  field-effect  transistor  (FET).  A  simultane¬ 
ous  boron  diffusion  of  the  back  side  of  the  wafer 
provides  the  substrate  contact.  Subsequently,  200 
nm  field  oxide  and  5-10  nm  gate  oxide  were 
grown  by  thermal  oxidation  in  dry  02.  Close  to 
the  drain  n+  well,  a  gate  oxide  edge  was  pre¬ 
pared  along  the  [110]  direction  by  etching  in 
buffered  hydrofluoric  acid.  A  50  nm  Mg  and  a 
200  nm  Al  capping  layer  were  evaporated  and  the 
metal  contact  pads  patterned  by  standard  resist 
technology  and  wet-chemical  etching.  Finally,  an 
Al  layer  was  deposited  on  the  substrate  contact. 
For  the  sake  of  comparison,  additional  2D  MOS 
tunneling  structures  with  gate-oxide  thickness  dox 
~  2.5  nm  were  prepared  on  substrates  of  the 
same  kind  [10]. 


3.  Basic  considerations 

Our  motivation  to  search  for  a  ID  charge 
accumulation  at  the  Si02  edge  is  based  on  two 
observations,  (i)  In  planar  MOS  structures  the 
electron  density  is  roughly  inversely  proportional 
to  the  oxide  thickness.  In  particular  at  dox  <  50 
nm  the  oxide  trapped  charge  has  a  negligible 


Fig.  2.  (a)  Expanded  view  of  the  abrupt  oxide-step  tunneling 
junction  marked  in  Fig.  1.  The  mobile  electron  charge  and  the 
corresponding  electric  field  pattern  are  schematically  drawn, 
(b)  Oxide  thickness  grading  in  a  more  realistic  oxide  step.  The 
arrow  indicates  the  tunneling  path  through  the  oxide,  (c) 
Possible  lateral  variation  of  the  conduction-band  energy  at  the 
Si  surface  arising  from  an  abrupt  (solid)  and  graded  (dashed) 
oxide  step. 


Fig.  1.  Schematic  cross-sectional  view  of  the  lateral  tunneling 
structure  (not  to  scale).  T  denotes  the  tunnel  electrode  and  D, 
G  and  S  the  drain,  gate  and  source  contact  of  an  additional 
MOSFET.  The  rectangle  marks  the  tunneling  region.  The 
forward  bias  polarity  is  indicated. 


influence  on  the  built-in  potential  [11].  (ii)  The 
increase  of  N&  as  dox  decreases  is  limited  at 
extremely  thin  Si02  layer,  at  dox  ~1.5  nm  Ns 
drops  abruptly  to  zero  [12].  Now  the  Fermi  level 
is  pinned  at  interface  gap  states  that  probably  are 
induced  by  the  strong  penetration  of  the  metal 
wave  function  into  the  semiconductor.  The  bar¬ 
rier  height  of  Mg  Schottky  contacts  on  air-ex¬ 
posed  Si  surfaces  amounts  to  about  0.35  eV  [13]. 

These  observations  result  in  a  model  of  the 
oxide  edge  as  depicted  in  Fig.  2.  Due  to  the  small 
separation  between  the  metal  and  the  Si-Si02 
interface  at  the  edge,  the  surface  band  bending 
should  be  enhanced  and  a  lateral  potential  well  is 
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bias  voltage  (mV) 


Fig.  3.  Current(/)-voltage(K)  and  second  derivative  d2J/dK2 
characteristic  of  a  quantum  wire  junction  with  gate-oxide 
thickness  dox  =  9nm  with  different  substrate  bias  Vs.  Except 
for  the  Vs  -  0  curve  only  the  reverse  bias  range  is  shown.  The 
vertical  displacement  is  for  clarity. 

formed.  If  we  assume  that  the  Si02  thickness  of  a 
more  realistic  oxide  edge  is  graded,  the  ID  con¬ 
finement  potential  is  widened  (Figs.  2b  and  2c). 
The  depletion  zone  in  the  area  with  dox  <1.5  nm 
leads  to  a  finite  separation  between  the  metal 
and  electron  layer.  The  leakage  current  at  the 
edge  of  the  Schottky  contact  is  carried  by  MOS 
tunneling.  Electrical  contact  to  the  quantum  wire 
is  provided  by  the  2D  electron  channel.  These 
extended  subband  states  are  resonant  with  the 
ID  subbands  at  energies  E  >  E0 ,  where  E0  is  the 
energy  of  the  lowest  2D  subband. 


4.  Results  and  discussion 

The  Figs.  3,  4  and  5  show  I-V  and  d2I/dV 2 
characteristics  of  tunnel  junctions  measured  at 
4.2  K.  In  the  characteristics  of  the  ID  junctions 
(Figs.  3  and  4)  short-periodic  oscillations  which 
are  not  observed  in  2D  junctions  (Fig.  5)  are 
imposed  on  the  d2I/dV2  background  curves.  We 
attribute  these  structures  to  ID  electron  states  of 


Fig.  4.  Current! Z)-voltage(K)  and  second  derivative  d2//dK2 
characteristic  of  a  junction  with  gate-oxide  thickness  dox  =  5 
nm. 

the  edge  quantum  well.  At  forward  bias  which 
corresponds  to  energies  below  the  Fermi  level, 
more  oscillation  periods  occur  in  the  characteris¬ 
tic  shown  in  Fig.  3  than  in  that  of  Fig.  4.  This 
indicates  that  the  potential  well  is  smaller  in 
energy  in  the  dox  =  5  nm  sample  compared  with 
the  9  nm  sample. 

The  energy  position  of  the  lowest  2D  subband 
level  in  the  adjacent  electron  channel  can  be 
estimated  from  the  corresponding  structure  in 
the  2D  junction  characteristic,  which  yields  EF  - 
E0  =  44  +  1  meV.  Since  dox  of  the  gate  oxide  is 
larger  by  a  factor  of  about  4  (2)  the  electron 
density  should  be  lower  by  the  same  factor,  i.e. 
Ef-E0  should  be  about  11  (22)  meV  in  the  ID 
junction  with  dox  =  9  (5)  nm.  For  the  determina¬ 
tion  of  the  ID  level  energies  we  tentatively  use 
the  bias  positions  of  the  dips  in  d2I/dV2.  Strictly 
speaking  this  is  wrong  since  in  MOS  tunneling 


Fig.  5.  Tunneling  characteristics  of  an  areal  MOS  junction. 
The  2D  subband-edge  induced  structures  are  indicated. 
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the  differential  conductance  dl/dV  should  re¬ 
flect  the  density  of  states  (DOS).  Thus  the  oscilla¬ 
tions  in  d2I/dV2  are  phase  shifted  with  respect 
to  the  oscillatory  ID  DOS.  The  series  resistance 
Rs  which  causes  a  shift  of  the  bias  position  due  to 
the  voltage  drop  can  be  estimated  from  the  chan¬ 
nel  resistance  of  the  additional  MOSFET.  While 
in  the  9  nm  sample  this  error  is  negligible  as  long 
as  the  reverse  substrate  voltages  are  smaller  than 
Vs  ~  3  V,  in  the  5  nm  sample  about  half  of  the 
applied  bias  drops  across  Rs.  Therefore,  we  re¬ 
strict  ourselves  to  the  evaluation  of  the  9  nm 
sample  data.  The  bias  position  of  the  dips  at 
forward  bias  in  Fig.  3  amounts  to  14.4,  24.4  and 
35.3  mV  with  an  error  of  +  0.5  mV  and  to  53  +  1 
mV.  The  latter  dip  probably  reflects  a  remainder 
of  the  2D  E0  level  in  the  edge  channel  similar  to 
that  observed  in  magnetotunneling  experiments 
on  electron  inversion  layers  [14].  The  other  three 
dips  represent  the  energies  of  bound  ID  sub¬ 
bands.  The  series  of  dips  at  reverse  bias  can 
tentatively  be  attributed  to  virtually  bound  ID 
levels  arising  from  quantum  interference  in  the 
lateral  potential  well.  Similar  effects  have  been 
observed  and  numerically  modeled  in  layered 
double-barrier  structures  [15].  However,  the  dis¬ 
tinctness  of  these  structures  can  hardly  be  under¬ 
stood  from  a  smooth  potential  variation  in  the 
quantum  well.  It  should  also  be  noted  that  an 
alternative  explanation  in  terms  of  tunneling  via 
impurity  states  in  the  Si  seems  unlikely  due  to  the 
regularity  of  the  oscillation  and  its  reproducibility 
in  different  junctions.  Further  experiments  on 
samples  with  low  doping  level  may  provide  an 
improved  understanding. 

Upon  applying  a  substrate  bias  the  dips  are 
shifted  in  their  bias  position.  A  change  of  Vs 
from  +  3  to  -  3  V  shifts  the  structures  at  forward 
bias  by  -2  ±0.5  meV,  i.e.  the  energy  of  the 
corresponding  ID  levels  rises  relative  to  the  Fermi 
level.  This  shift  reflects  the  depopulation  of  the 
electron  channel  as  the  depletion  charge  density 
increases.  At  higher  reverse  Vs  the  series  resis¬ 
tance  sharply  increases  leading  to  a  dominant  Rs 
induced  positive  bias  shift.  The  change  of  the 
reverse  bias  pattern  demonstrates  the  effect  of 
the  depletion  field  on  the  level  structure. 

The  width  w  of  the  edge  quantum  wire  can  be 


estimated  from  the  period  of  the  oscillation.  As¬ 
suming  a  parabolic  well,  the  width  is  w2  = 
8E¥/m*co2,  where  EF  ~  50  meV  is  the  Fermi 
energy  of  the  ID  system,  m*/m  =  0.2  and  hco  = 
12  +  2  meV  is  the  oscillation  period.  The  result  of 
w  =  33  +  6  nm  is  about  three  times  the  oxide 
thickness,  which  supports  the  model  of  a  smoothly 
graded  oxide  step.  However,  this  model  is  incon¬ 
sistent  with  the  interpretation  of  the  reverse  bias 
oscillation  as  quantum  interference  effect. 


5.  Outlook 

Quantum  wires  at  the  edge  of  a  2D  electron 
channel,  easily  fabricated  by  a  self-aligned  pro¬ 
cess,  offer  a  prospective  field  of  tunneling  studies 
on  ID  electron  systems  in  Si.  Possible  interesting 
parameters  are  the  surface  and  the  wire  orienta¬ 
tion  and  high  magnetic  fields. 
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Abstract 

We  have  investigated  the  magnetotransport  properties  of  quantum  wires  which  were  fabricated  on  high-mobility 
GaAs/GaAlAs  modulation-doped  heterostructures  by  laser  holography.  For  high  temperatures  (~  150  K),  magne¬ 
toresistance  structures  are  revealed,  which  are  due  to  the  occurrence  of  magnetophonon  resonances  in  the  wire.  This 
effect  is  used  to  determine  the  polaron  mass  which  is  found  to  be  about  10%  larger  than  to  the  polaron  mass  in  bulk 
GaAs.  In  addition,  hydrostatic  pressure  is  used  to  modify  the  electron  density  in  these  quantum  wires.  We  observe 
an  increase  of  the  ID  subband  energy  spacing  with  a  decreasing  electron  density  and  an  enhancement  of  the 
magnetophonon  resonance  amplitudes. 


The  problem  of  a  low-dimensional  electron 
system  coupled  to  the  longitudinal  optical 
phonons  (LO)  has  generated  considerable  inter¬ 
est  in  recent  years.  In  bulk  material,  structures  in 
the  second  derivative  of  the  sample  resistance 
(d2R/dB2),  which  are  caused  by  magnetophonon 
resonances,  were  used  to  determine  the  effective 
mass  and  the  LO  phonon  energy  [1,2]. 

In  two-dimensional  systems,  magnetophonon 
resonances  were  first  reported  by  Tsui  et  al.  [3]. 
The  observed  structures  in  d2R/dB 2  were  used 
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to  determine  the  polaron  mass  in  a  two-dimen¬ 
sional  electron  gas.  Later,  magnetophonon  reso¬ 
nances  were  also  investigated  by  cyclotron  reso¬ 
nance  measurements  [4,5],  where  it  was  possible 
to  determine  the  energy  relaxation  rates.  Brum- 
mel  and  coworkers  [6]  have  carried  out  very  sys¬ 
tematic  measurements,  where  they  studied  the 
magnetophonon  resonances  in  two-dimensional 
electron  gas  (2DEG)  as  a  function  of  tempera¬ 
ture,  electron  concentration  and  magnetic  field 
orientation.  The  results  of  these  measurements 
showed;  (i)  an  increase  of  the  magnetoresistance 
oscillations  amplitude  with  decreasing  carrier 
concentration,  (ii)  an  anomalous  increase  of  the 
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cyclotron  mass  with  temperature,  and  (iii)  a  possi¬ 
ble  involvement  of  interface  phonons  in  the  stud¬ 
ied  interaction  with  the  2DEG.  Theoretical  con¬ 
siderations  on  magnetophonon  resonances  for 
two-dimensional  electron  systems  were  carried 
out  by  Hamaguchi  et  al.  [7]  and  Mori  et  al.  [8]. 
For  example,  these  authors  have  interpreted  the 
increase  of  the  magnetophonon  resonance  ampli¬ 
tude  with  decreasing  sheet  electron  density  [6]  by 
Landau  level  broadening  due  to  increased  remote 
impurity  scattering.  Most  recently,  magneto¬ 
phonons  were  also  observed  in  vertical  transport 
experiments  carried  out  on  GaAs/AlGaAs  super¬ 
lattices  [9]. 

For  nanostructured  systems,  such  as  quantum 
wires,  interesting  magnetophonon  effects  were 
already  predicted  theoretically  [10-13].  Vasilo- 
poulous  et  al.  [10]  have  shown  that  for  ID  sys¬ 
tems,  the  magnetophonon  resonances  should  be 
shifted  to  lower  fields.  Most  recently,  detailed 
theoretical  studies  of  the  ID  transport  in  the 
magnetophonon  regime  were  carried  out  by  Mori 
et  al.  [11].  They  pointed  out  that  the  magnetocon¬ 
ductivity  <rxx  consists  of  two  contributions.  One  is 
related  to  the  current  carried  by  the  electron 
hopping  motion  between  the  localized  cyclotron 
orbits  through  the  electron-phonon  interaction, 
and  the  other  is  caused  by  the  current  carried  by 
electron  motion  affected  by  the  confinement  po¬ 
tential.  The  former  exhibits  maxima  at  the  reso¬ 
nances  and  the  latter  results  in  minima  at  reso¬ 
nance  for  the  magnetoconductivity  crxx.  Although 
there  are  experimental  hints  that  phonons  play 
an  important  role  in  nanostructures  [14],  there 
are  only  a  few  data  on  magnetophonon  effects  in 
quantum-wire  structures. 

In  our  previous  paper  [15]  we  have  determined 
the  ID  quantization  energies  and  have  correlated 
it  with  the  procedure  of  wire  preparation.  The 
use  of  longer  etching  times  resulted  in  a  stronger 
potential  modulation  and  larger  ID  energy  level 
spacing. 

The  aim  of  this  paper  is  to  analyze  the  magne¬ 
totransport  properties  of  quantum  wires  at  high 
temperatures  (T  ~  150  K)  and  under  hydrostatic 
pressures.  One  of  the  purposes  of  the  performed 
studies  is  to  determine  the  polaron  mass  of  the 
electrons  in  ID  systems.  The  obtained  results 


show  that  in  the  case  of  a  ID  system  the  polaron 
mass  is  higher  than  the  bulk  GaAs  value.  In 
addition,  the  magnetophonon  resonances  allow 
us  to  estimate  the  energy  spacing  of  the  ID 
structure.  Applying  hydrostatic  pressure  makes  it 
possible  to  decrease  the  electron  density  in  the 
studied  wires,  which  is  used  to  examine  the  ID 
quantization  energy  as  a  function  of  electron  den¬ 
sity. 

The  investigated  samples  consist  of  an  unin¬ 
tentionally  p-doped  GaAs  layer  grown  on  a  semi- 
insulating  substrate  (NA  <  1014  cm'3),  followed 
by  an  undoped  spacer  ( d  =  100  A),  and  doped 
Al/ja^As  (d  =  250  A),  ND  =  4  X  1018  cm"3, 
x  =  0.3).  The  additional  GaAs  cap  layer  is  highly 
n-doped  (d  =  150  A,  Nu  =  5.7  X  1018  cm'3). 

Bar-shaped  mesas  were  etched  into  the  sam¬ 
ples  and  ohmic  contacts  were  aligned  using  a 
AuGe  alloy.  Using  laser  holography,  multiple  wire 
structures  were  prepared  with  a  period  of  a  =  410 
nm,  a  geometrical  width  of  w  =  200  nm  and  a 
length  of  /  =  100  fim .  The  photoresist  patterns 
are  transferred  into  the  GaAs  by  wet  chemical 
etching  (H20  :  H202  :  NaOH  =  500  :  300  :  1). 
Note,  that  magnetophonon  resonances  are  ob¬ 
served  best  in  samples  which  are  etched  so  deep 
that  the  quantum  wires  are  almost  depleted  at 
T  =  4.2  K.  Therefore,  the  optimum  etch  time  for 
the  quantum  wires  was  60  s.  A  schematic  view  of 
the  multi-wire  structure  used  in  these  studies  is 
shown  in  Fig.  1.  The  mobility  of  the  unstructured 
samples  was  \x  —  3.8  X  105  cm2/V  *  s  and  the 
electron  density  was  ns  =  6.3  X  1011  cm-2  at  T  = 
4.2  K.  To  characterize  the  properties  of  these 
wires,  magnetoresistance  measurements  were 
performed  in  a  configuration  where  the  magnetic 
field  is  applied  perpendicular  to  the  multiple  wire 
structure.  For  high-pressure  measurements  the 
UNIPRESS  clamp  cell  with  light  petroleum  as  a 
pressure  transmitting  medium  has  been  em¬ 
ployed.  A  calibrated  highly  Te-doped  InSb  pres¬ 
sure  gauge  was  used  to  monitor  the  pressure  at 
temperatures  between  T  =  300  K  and  4.2  K. 

To  describe  the  obtained  experimental  results 
we  first  concentrate  on  the  temperature  depen¬ 
dence  of  the  magnetoresistance  in  a  quantum 
wire.  The  experimental  data  at  ambient  pressures 
are  shown  in  Fig.  2.  At  low  temperatures  (Fig.  2, 
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Fig.  1.  Schematic  view  of  the  quantum-wire  structures. 


T  =  4.2  K)  Shubnikov-de  Haas  oscillations  are 
observed  above  B  —  1  T.  We  have  used  this  effect 
to  determine  the  electron  density  corresponding 
to  the  different  pressures  applied  to  the  samples. 
The  negative  magnetoresistance  up  to  5  =  3  T, 
usually  observed  at  low  temperatures,  is  due  to 


Fig.  2.  Magnetoresistance  for  a  multiple  quantum-wire  struc¬ 
ture  as  a  function  of  temperature.  The  maxima  of  magnetore¬ 
sistance  are  clearly  seen  at  T  =  150  K  at  magnetic  fields 
5-7,  4.5  and  2.8  T. 


the  fact  that  the  scattering  processes  in  the  quan¬ 
tum  wire  are  more  dominant  than  the  boundary 
scattering  [16].  For  temperatures  around  T=  100 
K  the  Shubnikov-de  Haas  oscillations  are  washed 
out  (Fig.  2),  whereas  at  even  higher  temperatures 
(7-130-180  K),  additional  structures  are  ob¬ 
served  in  the  magnetoresistance  Rxx,  which  are 
associated  with  magnetophonon  resonances.  The 
maxima  observed  in  Fig.  2  for  T  =  150  K  at 
magnetic  fields  of  B  =  7,  4.5  and  2.8  T  represent 
these  effects.  For  even  higher  temperatures  the 
considered  oscillations  disappear  (Fig.  2,  T  =  190 
K). 

With  applying  hydrostatic  pressure,  the  carrier 
density  decreases  due  to  lowering  of  the  position 
of  the  Si-related  level  with  respect  to  the  bottom 
of  the  conduction  band  minima  in  both  GaAs  and 
AlGaAs  [17].  Thus,  electrons  from  the  conducting 
channel  are  transferred  to  the  Si  donors  located 
in  the  AlGaAs  barrier.  For  the  highest  applied 
pressure,  i.e.,  p  =  9  kbar  at  T  =  300  K  (which 
corresponds  to  p  =  6  kbar  at  T  =  4.2  K)  carrier 
concentration,  determined  from  the  Shubnikov- 
de  Haas  effect,  decreases  from  the  value  ns  =  6.3 
X  1011  cm-2  to  n&  —  4.2  X  1011  cm-2.  We  esti¬ 
mate  that  the  carrier  concentrations  determined 
at  T  =  4.2  K  characterize  the  sample  at  T—  150 
K  within  the  accuracy  of  20%.  One  may  expect 
that  the  potential  modulation  as  well  as  the 
screening  phenomena  will  be  influenced  by  the 
pressure-induced  decrease  in  the  carrier  density. 
Concerning  the  variation  in  the  magnetophonon 
resonances  induced  by  a  decrease  in  the  carrier 
concentration  (i.e.,  increasing  applied  pressure), 
we  observed  a  shift  of  the  corresponding  maxima 
of  the  magnetoresistance  to  lower  magnetic  fields. 
In  addition,  the  amplitude  of  the  oscillations  in¬ 
creases  with  decreasing  ns ,  which  can  be  seen  in 
Fig.  3,  where  the  derivative  of  the  measured 
magnetoresistance  dRxx/dB  is  plotted  for  two 
carrier  densities  ( ns  =  6.3  X  1011  and  5.7  X  1011 
cm“2). 

To  analyze  the  experimental  data  quantita¬ 
tively,  we  assume  a  parabolic  confinement  V{y) 
for  the  quantum  wires  with  V(y)  = 
where  y  is  the  direction  perpendicular  to  the 
wire,  m*  is  the  electron  effective  mass  (or  po- 
laron  mass)  and  Oq  describes  the  strength  of  the 
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electrostatic  potential.  The  corresponding  sub¬ 
band  spacing  at  B  =  0  T  is  given  as  hfl0.  If  the 
magnetic  field  is  included  using  a  Landau  gauge, 
the  subband  spacing  is  equal  to  hfl  with  fl2  =  {2% 
+  o) 2  and  o)c  is  the  cyclotron  frequency.  Accord¬ 
ing  to  Ref.  [11],  magnetoresistance  maxima  are 
expected  each  time,  an  integer  ( n )  multiple  of  the 
ID  subband  spacing  is  equal  to  the  LO-phonon 
energy: 


nfufio 


c  no 


(1) 


Rewriting  Eq.  (1)  in  terms  of  B2,  we  obtain: 

(2) 

If  we  consider  the  2D  case,  which  means  fi0  =  0, 
we  obtain  the  usual  magnetophonon  peak  posi¬ 
tions,  which  are  equidistant  in  1  /B.  Further,  the 
polaron  effective  mass,  ra*,  can  be  determined 
from  the  slope  of  the  curve  if  the  phonon  energy 
is  known,  or  vice  versa.  In  the  case  of  a  nano- 
structured  sample,  which  means  /30  >  0,  the  curve 
intersects  the  B 2- axis  no  longer  at  B  =  0,  which 
offers  the  possibility  to  determine  the  ID  sub¬ 
band  energies  from  the  magnetophonon  peak  po¬ 
sitions.  Note,  that  in  contrast  to  magnetic  depop¬ 
ulation  measurements,  this  method  offers  the 
possibility  to  measure  the  subband  spacing  for 
samples,  which  are  in  the  extreme  quantum  limit 
at  low  temperatures. 


B2  = 


™*Olo\2]_  {m*nQ 
n2  ' 


Fig.  3.  The  derivative  dRxx/6B  for  a  quantum-wire  structure 
at  four  different  pressures  (characterized  by  different  carrier 
densities). 


1/n2 


Fig.  4.  The  magnetophonon  peak  positions  in  B 2  are  plotted 
as  a  function  of  1  / n2  for  two  different  electron  densities.  The 
circles  (upper  line)  correspond  to  ns  =  6.3xlOn  cm-2  and 
the  squares  (lower  line)  to  «s  =  5.7xlOn  cm”2.  The  inset 
shows  the  ID  subband  energy  spacing  as  a  function  of  ns. 


Fig.  4  shows  the  results  of  the  above  consider¬ 
ations,  where  we  have  plotted  the  magne¬ 
tophonon  peak  positions  in  B2  versus  1/n2.  The 
peak  positions  for  the  two  electron  densities  fol¬ 
low  the  predicted  linear  behavior  in  good  agree¬ 
ment  with  the  theoretical  predictions.  The  slope 
of  the  linear  dependence  of  B2  versus  1/n 2  in 
Fig.  4  can  be  used  to  determine  the  polaron  mass 
ra*  of  the  electrons  in  the  quantum  wire.  If  we 
assume  the  bulk  GaAs  LO  phonon  energy,  the 
polaron  mass  of  about  ra*  =  0.08  (±0.005)  is 
obtained.  Values  of  the  polaron  mass  ra*  deter¬ 
mined  by  magnetophonon  effect  in  bulk  GaAs  [1] 
and  2D  systems  (see,  e.g.,  Ref.  [6])  do  not  exceed 
raeff  by  more  than  10%.  Thus,  we  can  conclude 
that  in  the  studied  ID  system  the  polaron  mass 
ra*  (at  ambient  pressures)  is  larger  than  raeff  in 
bulk  GaAs  by  about  20  +  5%.  Note,  that  within 
our  experimental  accuracy  we  do  not  observe 
changes  of  this  ID  polaron  mass  ra*  with  in¬ 
creasing  pressure,  whereas  in  a  two-dimensional 
electron  system  the  effective  mass  increases  about 
7%  between  p  =  0  and  p  =  9  kbar  (see,  e.g.,  Ref. 
[18]). 

Using  the  polaron  mass  ra*  we  now  determine 
the  subband  spacing  from  the  intersection  with 
the  B 2  axis  due  to  formula  (2)  for  a  one-dimen¬ 
sional  electron  system  (at  ambient  pressure).  We 
obtain  values  of  6  meV.  After  applying  hydro¬ 
static  pressure  the  electron  density  decreases  and 
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the  subband  spacing  increases  as  shown  in  the 
inset  of  Fig.  4.  For  the  highest  pressure  (9  kbar) 
the  electron  density  in  the  sample  is  =  4.2  X 
1011  cm-2  and  the  subband  spacing  is  increased 
to  7.3  meV.  Thus,  the  decrease  in  the  carrier 
density  produces  an  increase  in  the  subband  spac¬ 
ing  as  it  is  predicted  by  Laux  et  al.  [19]. 

After  having  deduced  the  polaron  mass  of  the 
electrons  and  the  subband  spacing  in  a  quantum 
wire  using  the  magnetic  field  position  of  the 
magnetophonon  resonances,  we  now  consider  the 
amplitudes  of  these  resonances  (see  Fig.  3).  The 
observation  of  the  increase  in  the  magne¬ 
tophonon  oscillation  amplitude  with  decreasing 
carrier  concentration  can  be  possibly  explained  in 
the  way  which  was  applied  by  Hamaguchi  et  al. 
[7]  to  the  case  of  two-dimensional  GaAs/AlGaAs 
structures.  They  propose  to  associate  this  ampli¬ 
tude  value  with  the  Landau  level  broadening  due 
to  remote  impurity  scattering.  Changes  in  the 
number  of  ionized  scattering  centers  in  the 
AlGaAs  barrier  can  be  associated  with  the  forma¬ 
tion  of  pairs  of  positively  and  negatively  charged 
Si-donor  centers  [20],  which  can  lead  to  the  de¬ 
crease  of  the  Landau  level  broadening. 

To  our  knowledge  of  the  literature,  the  strength 
of  the  observed  resonances  in  our  experiment 
strongly  suggests,  that  magnetophonon  scattering 
processes  in  quantum  wires  are  enhanced,  com¬ 
pared  to  2D  or  3D  systems.  This  conclusion  is 
consistent  with  the  findings  of  Ref.  [9],  where 
very  strong  magnetophonon  resonances  were  ob¬ 
served  in  vertical  transport  data  on  GaAs/ Al¬ 
GaAs  superlattices.  In  their  configuration  the 
magnetic  field  is  applied  perpendicular  to  the 
layers  of  the  sample,  but  parallel  to  the  current, 
which  formally,  is  also  a  kind  of  ID  transport. 

In  summary,  the  magnetotransport  in  quantum 
wires  was  investigated  in  the  temperature  regime 
between  T=2  and  T  =  175  K  and  under  hydro¬ 
static  pressure  up  to  9  kbar.  Magnetophonon 
resonances  in  the  Rxx  versus  B  curves  are  ob¬ 
served  in  the  temperature  range  between  T  =  106 
and  T  =  175  K.  Application  of  hydrostatic  pres¬ 
sure  makes  it  possible  to  decrease  the  density  of 
carriers  in  the  quantum  wires  used  in  these  mea¬ 
surements.  According  to  the  expectations  it  re¬ 
sults  in  increasing  a  spacing  between  ID  energy 


levels.  In  addition,  pressure-induced  changes  in 
the  distribution  of  charges  in  the  quantum-wire 
structures  enables  us  to  observe  an  increase  in 
the  amplitude  of  magnetophonon  oscillation  as 
the  carrier  density  is  lowered.  The  determination 
of  the  polaron  mass,  performed  under  the  as¬ 
sumption  that  electrons  are  interacting  with  LO 
phonons  of  bulk  GaAs,  gives  a  value  of  about 
0.08  of  the  GaAs  effective  electron  mass,  which  is 
20%  larger  than  the  bulk  value. 
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Abstract 

We  have  measured  the  longitudinal  magnetoresistance  of  a  lateral  surface  superlattice  with  a  period  of  270  nm 
where  the  electrons  are  only  28  nm  deep.  The  commensurability  oscillations  have  a  strong  second  harmonic  content. 
This  reflects  a  non-sinusoidal  potential  in  the  two-dimensional  electron  gas,  a  consequence  of  the  shallow  structure. 
The  shape  of  the  potential  cannot  be  explained  by  a  pinned  GaAs  surface  and  indicates  that  the  surface  charge  is 
frozen  or  that  the  electrons  feel  an  elastic  strain  field  from  the  metal  gates. 


1.  Introduction 

Recent  advances  in  molecular  beam  epitaxy 
and  nanofabrication  techniques  have  generated 
interest  in  a  periodically  modulated  two-dimen¬ 
sional  electron  gas  (2DEG).  It  is  now  possible  to 
fabricate  a  lateral  surface  superlattice  (LSSL)  us¬ 
ing  surface  gates  on  very  high  mobility  GaAs/ 
AlGaAs  heterostructures  in  which  the  electron 
retains  its  phase  coherence  over  many  periods  of 
the  superlattice.  The  clearest  manifestation  of  the 
modulation  of  the  2DEG  is  the  appearance  of  a 
series  of  oscillations  in  the  low-field  magnetore¬ 
sistance  arising  from  the  commensurability  be¬ 
tween  the  cyclotron  orbit  and  the  period  of  the 
potential  [1,2].  The  origin  of  these  oscillations  is 
now  well  understood  [3,4]  and  most  experimental 
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data  [1,5,6]  are  adequately  described  by  a  semi- 
classical  model  [3]  with  a  sinusoidal  modulation 
potential. 

In  conventional  high-mobility  layers,  where  the 
2DEG  is  formed  deep  below  the  surface  (typi¬ 
cally  100  nm),  the  high-order  Fourier  components 
of  the  surface  potential  are  strongly  attenuated 
causing  a  sinusoidal  potential  in  the  2DEG  [7].  It 
is  predicted  [6]  that  the  semiclassical  model  will 
break  down  when  (h2/2m)(27r/a)2  >  16  eV, 
where  V  is  the  amplitude  and  a  is  the  period  of 
the  periodic  potential  in  the  2DEG.  In  this  regime 
the  electrons  can  tunnel  through  the  barriers  of 
the  periodic  potential  and  new  effects  are  ex¬ 
pected.  The  period  of  the  gate  must  be  reduced 
to  approximately  50  nm  for  devices  to  operate  in 
this  regime,  and  the  2DEG  must  be  brought 
closer  to  the  surface  without  degrading  its  charac¬ 
teristics. 

Here  we  report  the  fabrication  of  a  superlat¬ 
tice  device  with  a  period  of  270  nm  on  a  shallow 
2DEG  at  an  interface  only  28  nm  below  the 
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surface.  We  show  that  the  improved  coupling 
between  the  surface  and  the  2DEG  strongly  mod¬ 
ifies  the  shape  of  the  periodic  potential  in  which 
electron  transport  takes  place  and  makes  it  far 
from  sinusoidal. 


2.  Samples  and  experimental  procedure 

The  devices  were  fabricated  on  GaAs/ 
(Al,  Ga)As  layers  comprising  a  GaAs  buffer,  two 
10  nm  thick  AlAs  barriers  separated  by  2  nm  of 
AlGaAs  5-doped  to  4  X  1016  m-2,  and  a  5.4  nm 
GaAs  cap  layer.  Hall  bars  with  three  pairs  of 
voltage  probes  were  fabricated  on  this  layer  by 
electron  beam  lithography  and  wet  etching.  The 
channel  was  14  jam  wide  with  30  jam  between 
voltage  probes.  An  interdigitated  array  of  Schot- 
tky  barrier  gates  between  two  of  the  pairs  of 
voltage  probes  was  formed  by  electron  beam 
lithography  followed  by  evaporation  and  lift-off 
of  15  nm  Ti/15  nm  Au.  The  width  of  each  metal 
finger  was  130  nm  and  the  spacing  between  adja¬ 
cent  fingers  was  140  nm.  The  interdigitation  al¬ 
lows  adjacent  fingers  to  be  differentially  biased, 
although  all  fingers  were  held  at  zero  potential  in 
the  experiments  reported  here;  the  effect  of  bias 
will  be  discussed  in  a  future  publication.  The 


array  of  gates  fills  the  space  between  the  voltage 
contacts  to  minimise  the  effect  of  ungated  areas 
of  2DEG  on  the  overall  magnetoresistance. 

The  four-terminal  magnetoresistance  of  the 
devices  was  measured  using  standard  lock-in 
techniques  in  an  Oxford  Instruments  Kelvinox 
dilution  refrigerator.  The  ungated  region  of  the 
device  gave  an  electron  density  of  3.3  X  1015  m~2 
and  a  mobility  of  66  m2  V-1  s-1  at  4.2  K  in  the 
dark,  with  the  mobility  rising  to  81  m2  V-1  s-1 
after  brief  illumination.  In  the  gated  region,  with 
the  gates  held  at  0  V,  the  electron  density  was 
3.2  X  1015  m-2  and  the  resistivity  was  twice  the 
value  of  the  ungated  region. 

We  believe  that  the  high  mobility  of  these 
layers  is  largely  due  to  electrons  around  the  d~ 
doped  layer.  Although  these  electrons  have  a  low 
mobility  and  make  a  negligible  direct  contribu¬ 
tion  to  transport,  they  screen  the  random  poten¬ 
tial  due  to  the  ionized  donors  and  greatly  en¬ 
hance  the  mobility  of  the  2DEG  from  an  ex¬ 
pected  value  of  only  about  6  m2  V-1  s-1  if  the 
full  random  potential  were  operative.  We  have 
verified  this  by  measuring  the  mobility  and  con¬ 
centration  of  the  2DEG  in  another  sample  as  a 
function  of  the  voltage  on  a  large  uniform  gate.  A 
built-in  potential  associated  with  the  Schottky 
gates  could  partly  deplete  the  charge  around  the 


Fig.  1.  Longitudinal  magnetoresistance  of  (a)  the  shallow  2DEG  at  1.2  K  and  (b)  the  deep  2DEG  at  70  mK.  The  commensurability 
oscillations  at  low  B  are  sinusoidal  in  the  deep  2DEG  (b)  but  show  a  strong  second  harmonic  in  the  shallow  structure  (a).  This  is 
confirmed  by  the  power  spectral  density  (PSD,  insets)  obtained  from  Fourier  transforms  of  the  magnetoresistance  treated  as  a 
function  of  1  / B .  The  peak  at  7-8  T  is  from  the  Shubnikov-de  Haas  effect  while  those  at  low  frequency  arise  from  commensurabil¬ 
ity  oscillations.  The  second  harmonic  is  strong  in  the  shallow  2DEG  (a)  but  absent  from  the  deep  2DEG  (b). 
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donors,  increase  the  random  potential  and  de¬ 
crease  the  mobility  of  the  gated  region.  However, 
this  would  require  a  very  large  built-in  potential 
and  we  suspect  that  damage  introduced  during 
processing  is  responsible  for  the  reduction  in 
mobility. 


3.  Experimental  results  and  analysis 

Fig.  la  shows  the  longitudinal  magnetoresis¬ 
tance  of  the  gated  region  at  1=  1.2  K  for  zero 
gate  voltage,  with  the  current  flow  perpendicular 
to  the  equipotentials  of  the  superlattice.  These 
results  were  taken  after  the  sample  had  been 
illuminated,  but  the  same  effects  were  visible 
with  the  sample  in  the  dark.  We  observe  Shub- 
nikov-de  Haas  oscillations  at  high  fields,  and 
another  series  of  oscillations  periodic  in  1/B  are 
clearly  visible  at  low  fields  (B  <  0.8  T).  These 
commensurability  oscillations  arise  from  en¬ 
hanced  diffusion  in  the  direction  of  the  equipo¬ 
tentials  due  to  a  resonance  in  the  EXB  drift. 
This  occurs  [3]  when  the  cyclotron  radius  Rc 
obeys  2 Rc  =  (n  +  \)a,  where  n  =  1,  2,...,  and 
has  been  well  studied  in  conventional  deep 
2DEGs  [1,2, 5, 6].  Previous  experiments  have 
shown  sinusoidal  oscillations  but  in  our  devices 
the  commensurability  oscillations  have  a  strong 
second  harmonic  content  which  is  clearly  visible 
in  the  raw  data  and  is  even  more  striking  in  the 
power  spectrum  of  the  magnetoresistance  shown 
in  the  inset  to  Fig.  la. 

For  comparison,  we  fabricated  identical  struc¬ 
tures  on  a  conventional  modulation-doped  layer 
where  the  2DEG  lies  90  nm  below  the  surface. 
Their  magnetoresistance  at  70  mK  after  illumina¬ 
tion  is  shown  in  Fig.  lb,  and  the  commensurabil¬ 
ity  oscillations  are  clearly  sinusoidal.  The  power 
spectrum  (inset)  confirms  that  no  significant 
higher  harmonics  are  present. 

We  used  a  semiclassical  model  [3]  to  relate  the 
amplitude  of  each  harmonic  of  the  commensura¬ 
bility  oscillations  to  the  amplitude  of  the  corre¬ 
sponding  harmonic  of  the  electrostatic  potential 
in  the  2DEG.  The  harmonics  were  extracted  by 
digitally  filtering  the  experimental  data  and  the 


Fig.  2.  Potential  energy  in  2DEG.  (a)  Experimental  result 
reconstructed  from  commensurability  oscillations  for  the  shal¬ 
low  device,  (b)  Electrostatic  calculations:  chain  curve,  pinned 
surface;  broken  curve,  frozen  surface  charge,  (c)  Potential  due 
to  strain  caused  by  differential  contraction  between  the  GaAs 
and  metal  gate.  The  lateral  positions  of  the  gates  are  shown  as 
grey  rectangles  in  (b)  and  (c).  The  scales  of  the  theoretical 
curves  are  arbitrary. 

estimates  of  the  potential  were  obtained  from  the 
theoretical  expression 


(i) 

where  p  is  the  resistivity,  Vn  is  the  peak  ampli¬ 
tude  of  the  nth  harmonic  of  the  periodic  poten¬ 
tial  at  the  2DEG,  EF  is  the  Fermi  energy  and  /  is 
the  mean  free  path.  The  phase  of  the  commensu¬ 
rability  oscillations  as  a  function  of  B  agrees  with 
Eq.  (1),  but  they  give  a  density  of  3.8  X  10 15  m“2 
compared  with  3.3  X  10 15  m-2  from  the  Shub- 
nikov-de  Haas  peak.  We  have  not  yet  resolved 
this  discrepancy. 

The  strength  of  the  modulation  was  found  to 
be  V1  ~  0.5  meV  for  the  fundamental  (first  har¬ 
monic)  and  V2  ~  0.3  meV  for  the  second  har¬ 
monic.  The  potential  energy  at  the  2DEG  was 
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reconstructed  from  this  and  is  shown  in  Fig.  2a.  It 
resembles  a  truncated  sine-wave  as  expected  from 
the  second  harmonic  in  the  commensurability  os¬ 
cillations.  Note  that  Eq.  (1)  does  not  contain  the 
phases  of  the  harmonics  of  the  potential  energy. 
Although  the  phase  between  the  first  and  second 
harmonics  is  fixed  by  symmetry,  we  cannot  deter¬ 
mine  either  the  sign  of  the  potential  or  whether 
the  double  minima  lie  under  the  gates  or  the 
gaps. 


4.  Theoretical  analysis 

We  have  modeled  the  potential  in  the  2DEG, 
considering  two  possible  sources.  The  first  is  an 
electrostatic  field.  No  bias  was  applied  to  the 
gates  so  a  built-in  voltage  under  the  Schottky 
gates,  mentioned  above,  must  be  responsible.  The 
potential  in  the  2DEG  was  calculated  analytically 
and  depends  strongly  on  the  boundary  condition 

[8]  applied  to  the  exposed  surface  between  the 
gates,  as  shown  in  Fig.  2b. 

The  usual  assumption  is  that  the  Fermi  energy 
on  the  surface  is  pinned  at  a  fixed  energy  below 
the  conduction  band.  This  leads  to  a  potential  in 
the  2DEG  that  contains  no  significant  content  of 
even  harmonics  (chain  curve),  and  is  not  in  agree¬ 
ment  with  experiment.  Pinning  requires  charge  to 
be  able  to  move  between  the  2DEG  and  the 
surface,  which  seems  unlikely  at  low  temperature, 
and  a  more  realistic  assumption  may  be  that  the 
charge  on  the  surface  is  frozen  (broken  curve). 
This  leads  to  a  potential  that  contains  a  second 
harmonic  although  not  as  large  as  that  seen  ex¬ 
perimentally.  A  typical  built-in  voltage  on  the 
gates  is  around  0.1  V  which  leads  to  6  mV  peak- 
to-peak  in  the  2DEG  for  both  boundary  condi¬ 
tions.  Screening  by  the  electrons  around  the 
donors  reduces  this  by  a  factor  of  about  5,  with  a 
smaller  effect  on  the  shape.  Thus  electrostatics 

[9]  predicts  the  right  magnitude  of  potential  in 
the  2DEG  (although  the  sign  is  unknown),  but 
too  little  of  the  higher  harmonics. 

A  second  possible  source  of  this  potential  is 
mechanical  strain.  This  has  been  used  to  confine 
electrons  in  potential  wells  by  depositing  deliber¬ 
ately  a  mis-matched  stressor  [10].  In  our  case  the 


strain  arises  because  the  gates  are  deposited  at  a 
relatively  high  temperature.  The  coefficient  of 
expansion  of  the  metal  gates  is  greater  than  that 
of  GaAs,  so  the  gate  acts  as  a  stressor  in  tension 
when  the  sample  is  cooled.  This  produces  a  strain 
field  within  the  semiconductor  which  couples  to 
the  electrons  through  the  deformation  potential. 
The  potential  energy  was  calculated  analytically 
[9],  assuming  uniform  longitudinal  strain  under 
the  gates,  and  is  shown  in  Fig.  2c.  It  has  shallow 
double  minima  under  the  gaps,  less  pronounced 
than  that  seen  experimentally,  although  they  in¬ 
crease  rapidly  if  the  separation  between  the  gates 
and  2DEG  is  reduced.  The  form  of  the  potential 
energy  agrees  with  numerical  calculations  [10], 
although  the  sign  is  reversed  because  our  stressor 
is  in  tension.  It  is  difficult  to  calculate  the  magni¬ 
tude  of  the  potential  because  the  conditions  un¬ 
der  which  the  gate  is  deposited  are  not  accurately 
known,  but  a  potential  of  around  1  meV  in  the 
2DEG  seems  reasonable.  Thus  strain  offers  the 
best  single  source  of  the  periodic  potential  ob¬ 
served. 

5.  Conclusions 

We  have  shown  that  the  construction  of  a 
surface  superlattice  on  a  shallow  2DEG  leads  to 
greater  coupling  between  the  gate  potential  and 
electrons  in  the  channel.  In  turn,  the  periodic 
potential  becomes  non-sinusoidal  and  harmonics 
of  the  commensurability  oscillations  appear  in  the 
longitudinal  magnetoresistance.  The  shape  of  the 
inferred  potential  is  explained  best  by  a  strain 
field  due  to  differential  contraction  between  the 
metal  gates  and  the  semiconductor,  although  an 
electrostatic  model  in  which  the  surface  charge 
between  the  gate  fingers  is  frozen  also  gives  a  fair 
description  of  the  shape. 
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Abstract 

The  design  of  surface  gate  patterns,  used  to  define  nanostructures  in  AlGaAs/GaAs  heterostructures,  is  greatly 
enhanced  by  the  possibility  of  establishing  electrical  contact  to,  and  independently  biasing,  a  100  nm  wide  isolated 
gate.  We  describe  the  fabrication  of  a  multi-level  metallisation  architecture  which  can  be  used  to  contact  a  nanoscale 
central  gate  and  monitor  the  transition  from  a  quantum  dot  to  ring  geometry.  We  employ  geometry  induced 
quantum  interference  effects  as  a  novel  low  temperature  characterisation  tool  and  report  experiments  in  which  the 
central  electrode  acts  as  an  artificial  impurity. 


1.  Introduction 

Since  its  first  demonstration  in  1986  [1],  the 
technique  of  employing  surface  gate  designs  to 
define  submicron-sized  geometries  in  the  two-di¬ 
mensional  electron  gas  (2DEG)  of  AIGaAs/GaAs 
heterostructures  has  yielded  a  wide  variety  of  low 
temperature  experiments.  The  ability  to  incorpo¬ 
rate  an  independent  nanoscale  gate  into  these 
patterns  adds  considerable  flexibility  to  the  scope 
of  these  highly  topical  devices.  In  this  paper  we 
describe  the  fabrication  of  a  five  gate  device, 
shown  in  Fig.  1,  which  is  designed  to  study  the 
transition  form  a  quantum  dot  to  a  ring.  Previ- 
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ously  these  two  distinct  geometries,  although  the 
focus  of  a  great  deal  of  theoretical  and  experi¬ 
mental  investigation  [2-5],  could  only  be  studied 
by  the  fabrication  of  two  separate  nanostructures. 
The  transition,  achieved  by  tuning  the  bias  ap¬ 
plied  to  gate  5,  requires  the  construction  of  a 
novel  multi-layer  metallisation  architecture  to 
contact  to  isolated  gates  with  widths  as  small  as 
100  nm.  Such  a  transition  has  implications  for  a 
variety  of  physical  phenomena  ranging  from  ge¬ 
ometry  induced  quantum  interference  to  Coulomb 
blockade  [3]  effects.  By  switching  off  gates  2  and 
4  and  tuning  gate  5,  the  same  device  can  be  used 
to  induce  an  artificial  impurity  of  known  size  and 
position  into  a  submicron  wire.  This  fabrication 
technique  can  therefore  also  be  used  to  assess  the 
extent  by  which  impurities  affect  nanostructure 
functionality,  for  example  as  a  scattering  site  for 
quantum  interference  paths.  We  present  low  tem¬ 
perature  magnetoresistance  results  both  at  low 
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Fig.  1.  (a).  A  schematic  showing  the  surface  gates  (black)  and 
associated  depletion  pattern  (narrow  lines)  and  (b)  an  SEM 
image  of  the  completed  device. 


level  metallisation  architecture  as  the  method  of 
contacting  the  central  electrode,  gate  5.  A  layer 
of  Si3N4  is  deposited  over  the  device  and  then  a 
100  nm  diameter  hole  is  etched  in  the  nitride  to 
expose  the  central  electrode,  allowing  contact  to 
a  fineline  interconnect.  The  fabrication  sequence 
of  the  device  involves  seven  lithography  steps  for 
which  both  electron  beam  (EB)  and  optical  (UV) 
exposure  techniques  are  employed. 

The  initial  two  UV  stages  define  a  30  jxm  wide 
Hall  bar.  To  reduce  sidewall  damage  [8],  a  “shal¬ 
low”  etch  technique  depletes  the  2DEG  at  a 
typical  etch  depth  of  70  nm,  compared  to  the 
2DEG  depth  of  82  nm.  The  anisotropic  etch 
H3PO4  produces  a  mesa  edge  with  a  sloping 
profile,  allowing  fine  surface  gates  (deposited 
later)  to  cross  continuously.  A  200  nm  thick 
NiAuGe  metallisation  is  then  aligned  to  the  mesa 
pattern  and  annealed  to  establish  Ohmic  contacts 
to  the  2DEG.  This  metallisation  stage  also  pro¬ 
vides  three  sets  of  markers  which  are  used  at  the 
first  EB  fabrication  stage  for  course,  medium  and 
fine  alignment  (at  200,  100  and  50  jam  square 
field  sizes,  respectively).  Details  of  these  UV 
lithography  stages  are  reported  elsewhere  [9].  We 
now  consider  the  construction  of  the  five  gate 
nanostructure  within  this  Hall  bar  geometry. 

2.1 .  The  surface  gates 


fields,  where  Aharonov-Bohm  oscillations  [6]  are 
used  as  a  characterisation  tool,  and  at  higher 
fields  where  we  investigate  a  breakdown  of  the 
quantum  Hall  effect  [7]  due  to  tunnelling  through 
the  states  bound  to  the  artificial  impurity.  This  is 
the  first  demonstration  of  the  ability  to  separately 
address  gates  in  the  centre  of  a  quantum  dot  or 
wire. 


2.  Device  fabrication 

The  method  of  connecting  devices  using  metal 
interconnects  separated  by  an  interlayer  dielec¬ 
tric  is  a  critical  part  of  VLSI  technology.  To 
exploit  this  approach  for  nanostructure  construc¬ 
tion,  a  10  nm  alignment  precision  is  required.  For 
the  device  of  Fig.  1  we  successfully  adopt  this  two 


The  EB  lithography  is  performed  using  a  mod¬ 
ified  JEOL  JSM-840A  scanning  electron  micro¬ 
scope  (SEM).  Poly(methyl  methacrylate)  (PMMA) 
is  used  as  a  spin-coated  resist:  A  110  nm  thick 
bilayer  (approximate  molecular  weights  of  100000 
and  400  000  dissolved  in  o-xylene  to  give  concen¬ 
trations  of  2%  and  4%  by  weight  in  solution)  is 
used  to  produce  the  Ti/Pt  (10/40  nm)  surface 
gates  by  lift-off  [9].  Ti  is  chosen  because  of  the 
reproducible  Schottky  barrier  (0.7  eV)  at  the 
semiconductor  interface,  which  is  essential  to 
minimise  any  leakage  currents,  and  also  because 
its  adhesion  properties  are  superior  to  those  of 
Au  and  Al  [9].  The  Pt  capping  layer  prevents 
oxidation  of  the  Ti.  In  addition  to  the  five  gates 
seen  in  Fig.  1,  three  sets  of  markers  are  also 
deposited  during  this  metallisation  and  these  are 
used  for  precision  alignment  (at  50,  25  and  12.5 


650 


R.P.  Taylor  et  al  /Surface  Science  305  (1994)  648-653 


jum  square  field  sizes)  in  the  subsequent  EB 
fabrication  stages.  Gates  1  to  4  extend  to  cross 
the  mesa  edge  of  the  Hall  bar  and  then  fan  out  to 
facilitate  overlay  by  gate  bonding  pads.  These 
Ti/Au  (25/300  nm)  gate  bonding  pads,  defined 
by  subsequent  UV  lithography  and  metal  lift-off, 
terminate  5  fim  from  the  mesa  edge  and  link 
gates  1  to  4  with  200  fim  square  regions  where 
wire  bonding  occurs.  The  thick  top  layer  of  Au  is 
used  to  facilitate  this  bonding.  This  metallisation 
is  therefore  also  deposited  on  top  of  the  annealed 
Ohmic  pads.  The  remaining  four  fabrication 
stages  are  used  to  establish  an  electrical  link 
between  gate  5  and  its  respective  bonding  pad. 

2.2.  The  inter-layer  insulator 

Remote  plasma  enhanced  chemical  vapour  de¬ 
position  (R-PECVD)  is  used  to  establish  a  100 
nm  thick  conformal  layer  of  Si3N4  over  the  50  nm 
high  gates  (confirmed  by  a  subsequent  cleave  and 
SEM  examination  of  a  control  sample)  [10].  We 
note  that  initial  attempts  by  conventional  paral¬ 
lel-plate  PECVD,  in  which  the  sample  was  im¬ 
mersed  in  the  plasma,  resulted  in  severe  degrada¬ 
tion  of  electron  mobility  in  the  device  due  to  ion 
damage  [9].  A  1  fim  thick  layer  of  photoresist  is 
now  deposited  and  exposed  by  UV  lithography, 
defining  the  etch  mask  for  a  subsequent  CHF3 
plasma  etch.  This  step  opens  windows  in  the 
Si3N4  layer  above  the  gate  bonding  pads,  the 
Ohmic  contacts  and  also  above  selected  align¬ 
ment  markers  [9].  The  unetched  regions,  in  par¬ 
ticular  the  2DEG  in  the  Hall  bar,  are  protected 
from  reactive  ion  etching  (RIE)  damage  [11]  by 
the  Si3N4  layer.  For  the  Ohmic  patterns,  only  the 
regions  required  for  wire  bonding  are  exposed,  so 
minimising  damage  in  the  2DEG  regions  below 
the  Ohmic  metallisation.  To  expose  the  central 
electrode,  a  100  nm  diameter  circle  is  written  by 
EB  in  a  240  nm  thick  bilayer  of  PMMA  resist 
using  a  12.5  /xm  field  size.  The  alignment  of  this 
pattern  is  achieved  using  three  sets  of  alignment 
markers  -  one  set,  positioned  below  windows  in 
the  Si3N4  at  the  sides  of  the  Hall  bar  mesa, 
allows  alignment  at  the  50  fim  field  size.  Two 
further  sets  (sufficiently  visible  through  the  100 
nm  Si3N4  layer)  are  positioned  on  the  Hall  bar 


close  to  the  gates,  and  allow  further  alignment 
[12]  at  25  and  12.5  field  sizes.  Using  this 
resist  pattern  as  an  etch  mask,  an  optimised  CHF3 
plasma  establishes  the  hole  above  the  electrode 
with  a  tapered  profile  required  for  the  final  met¬ 
allisation  process  [9].  The  central  electrode  both 
shields  the  2DEG  from  ion  damage  during  etch¬ 
ing  and  also  serves  as  an  etch  stop  (over-etching 
would  result  in  an  unwanted  potential  perturba¬ 
tion  in  the  2DEG).  Finally,  the  PMMA  mask  is 
stripped  using  an  oxygen  plasma  and  the  surface 
solvent  cleaned,  readying  the  device  for  the  final 
metallisation. 

2.3.  The  metal  interconnect 

In  Fig.  lb  the  first  layer  of  gates,  although 
darker,  are  still  clearly  seen  through  the  100  nm 
layer  of  Si3N4.  The  metal  interconnect  pattern, 
which  traverses  the  Si3N4  surface  to  link  the 
central  electrode  to  its  bonding  pad,  is  written  in 
a  290  nm  thick  bilayer  of  PMMA  in  two  stages. 
Approaching  the  dot  (not  shown),  the  intercon¬ 
nect  has  a  width  of  300  nm  and  is  written  at  the 
50  jam  field  size,  whilst  a  narrower  100  nm  wide 
metal  line  (identical  width  to  the  gates  defining 
the  dot),  drawn  at  the  12.5  ^m  field  size,  tra¬ 
verses  the  dot  region.  The  most  critical  stage  is 
establishing  a  metallic  link  through  the  100  nm 
hole  in  the  Si3N4.  Firstly,  the  hole  must  be  etched 
completely  down  to  the  electrode.  This  is  indi¬ 
cated  during  EB  exposure  of  the  resist  when 
secondary  electron  contrast,  seen  as  the  electron 
beam  reaches  the  surface  gate,  is  only  observed  if 
the  gate  is  not  covered  with  nitride.  To  deposit 
the  metal  in  the  hole,  a  tapered  profile  is  re¬ 
quired  in  addition  to  a  two  stage  metallisation 
procedure  -  an  initial  Ti/Pt/Au  (10/20/40  nm) 
layer  followed  by  Ti/Au  (25/50  nm).  In  each 
case,  the  sample  surface  is  tilted  at  22°  to  the 
plane  facing  the  electron  beam  evaporant  sources 
(operating  pressure  of  <  10“ 7  Torr)  and  is  ro¬ 
tated  through  180°  within  this  plane  between  the 
two  metallisations.  Fig.  lb  reveals  an  alignment 
precision  of  approximately  10  nm  and  for  a  work¬ 
ing  device  this  precision  is  required  at  two  stages 
(the  hole  to  the  central  electrode,  and  then  the 
interconnect  to  the  hole).  Success  of  the  align- 
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ment  scheme  is  due  to  a  combination  of  the  small 
exposure  field  (12.5  tim ),  the  high  resolution  of 
the  16  bit  digital-to-analog  converters  in  the  pat¬ 
tern  generator  and  the  stability  of  the  sample 
stage.  Examination  in  an  SEM,  using  a  range  of 
device  tilt  angles,  is  used  to  physically  assess  the 
hole  “filling”  procedure  prior  to  electrical  char¬ 
acterisation. 


3.  Electrical  characterisation 

Application  of  a  negative  voltage  to  the  gates 
on  the  surface  of  the  semiconductor,  1  to  4, 
defines  a  corresponding  depletion  profile  in  the 
2DEG  at  the  AlGaAs/GaAs  interface.  Electrons 
(with  a  mobility  of  106  cm2/V  *  s  and  density  of 
3.3  X  1011  cm-2  at  4.2  K)  therefore  pass  through 
an  enclosed  region,  or  “dot”,  via  an  entrance  and 
an  exit  port.  Alternatively,  activation  of  just  two 
diagonal  gates,  say  1  and  3,  defines  a  narrow 
channel  or  “wire”  for  the  electrons.  Biasing  gate 
5  can  therefore  be  used  either  to  induce  a  transi¬ 
tion  from  a  dot  into  a  ring,  or  to  introduce  a 
potential  inhomogeneity,  or  “artificial  impurity”, 
into  a  narrow  wire.  In  Figs.  2  to  4,  we  focus  on 
the  wire  geometry  and  use  standard  low  current 
AC  measurements  to  monitor  the  evolution  of 
the  magnetoresistance  at  20  mK.  In  Fig.  2  we  see 
a  clear  manifestation  of  the  Aharonov-Bohm 
(AB)  effect  at  -  0.42  V,  a  voltage  which  is  typical 
for  depletion  under  our  gates.  These  magnetore¬ 
sistance  oscillations,  of  period  A B,  result  from 
the  quantum  interference  between  electron  paths 
which  enclose  an  area  A  around  the  artificial 
impurity.  Calculations  of  A ,  using  the  equation 
A  =h/ekB,  reveal  an  average  trajectory  diame¬ 
ter  of  620  nm.  This  is  consistent  with  values  for 
the  average  width  of  the  wire  (850  nm)  and  the 
diameter  of  the  impurity  (400  nm),  both  calcu¬ 
lated  from  the  respective  lithographic  radii  allow¬ 
ing  for  a  depletion  distance  (obtained  from  cali¬ 
bration  measurements  of  the  entrance  and  exit 
ports  [12]).  The  insets  of  Fig.  2  use  this  unique 
signature  of  the  AB  oscillations  to  calibrate  the 
characteristic  depletion  action  for  the  five  gates. 
The  average  trajectory  diameter,  calculated  from 
A  B,  can  be  reduced  or  increased  by,  for  example, 


Fig.  2.  Aharonov-Bohm  oscillations,  induced  by  the  artificial 
impurity.  The  insets  show  their  gate  voltage  dependences  (see 
text  for  details). 


Fig.  3.  Low  field  magnetorestistance  taken  at  50  mK  (top),  200 
mK,  400  mK,  620  mK,  840  mK,  1.2  K,  2  K  and  4  K.  For  each 
trace,  a  background  slope  has  been  subtracted. 
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Fig.  4.  Magnetoconductance  oscillations  at  high  magnetic 
fields.  The  inset  is  a  schematic  representation  of  the  edge 
states  and  the  tunnelling  route  via  the  artificial  impurity.  Two 
extra  edge  states,  apparent  for  these  fields,  are  also  reflected 
at  the  impurity  but  are  omitted  for  clarity. 

tuning  gates  3  (upper  inset)  and  5  (lower  inset), 
respectively.  Controlled  variations  in  average  di¬ 
ameter  from  550  to  700  nm  can  be  achieved.  The 
AB  effect  relies  on  phase  coherence  of  the  partial 
waves  associated  with  the  electron  trajectories, 
and  we  therefore  include  Fig.  3  to  demonstrate 
the  oscillations'  sensitivity  to  electron  tempera¬ 
ture  (see  magnetic  field  range  marked  B.  Note, 
details  of  the  low  field  magnetoresistance  regime, 
marked  A,  will  be  discussed  elsewhere). 

Finally,  Fig.  4  reveals  a  set  of  high  field  mag¬ 
netoconductance  oscillations,  which  can  be  ex¬ 
plained  by  an  interplay  of  edge  states  with  the 
artificial  impurity,  as  represented  schematically  in 
the  inset.  At  voltages  sufficient  to  achieve  deple¬ 
tion  under  the  centre  gate,  a  reduced  electron 
density  (relative  to  the  bulk  2DEG)  in  the  regions 
between  the  impurity  and  the  wire  sidewalls  cre¬ 
ates  two  parallel  potential  barriers  which  can  be 
set  to  reflect  some  or  all  of  the  edge  states.  In 
this  field  regime,  electrons  from  reflected  edge 
states  undergo  resonant  tunnelling  [7]  through 
the  states  bound  to  the  artificial  impurity.  If  we 


assume  the  resonance  condition,  and  hence  the 
resulting  periodic  oscillations,  are  determined  by 
a  single  particle  spectrum  of  the  bound  states,  the 
diameter  for  the  impurity  (450  nm)  calculated 
from  AB  is  physically  reasonable.  However,  as 
with  the  quantum  dot  geometry  [14],  it  is  likely 
that  electron  interactions  will  ultimately  be  re¬ 
quired  to  explain  the  dynamics  of  the  tunnelling 
process.  At  even  higher  fields,  in  the  “adiabatic" 
regime,  the  total  conductance  on  a  plateau  is 
given  simply  by  the  larger  of  the  parallel  conduc¬ 
tances  and  no  oscillations  are  seen.  In  contrast  to 
previous  studies  of  these  phenomena  [15],  the 
above  investigations  benefit  enormously  from  the 
ability  to  independently  vary  the  two  barriers 
while  keeping  the  centre  gate  at  a  fixed  voltage. 
This  is  possible  for  our  structure  since  all  five 
gates  can  be  independently  biased. 


4.  Conclusions 

We  have  demonstrated  an  architecture  used  to 
independently  bias  a  nanoscale  isolated  gate.  This 
approach  to  nanostructure  design  provides  the 
flexibility  to  investigate  continuous  transitions  be¬ 
tween  distinct  geometries  which  previously  could 
only  be  measured  using  two  separately  con¬ 
structed  nanostructures.  The  technique,  which 
links  a  central  electrode  to  a  gate  bonding  pad 
for  the  device  of  Fig.  1,  may  equally  be  employed 
to  interconnect  to  another  nanostructure  device. 
Whether  used  for  intra-  or  inter-device  intercon¬ 
nects,  the  approach  offers  significant  advantages. 
The  devices,  which  are  sensitive  to  fringing  elec¬ 
tric  fields,  are  shielded  from  the  interconnect  by 
the  insulating  electrical  properties  of  the  Si3N4. 
The  encapsulation  by  a  protecting  layer  also 
makes  the  structure  robust,  by  reducing  both 
physical  and  electrostatic  charging  damage  during 
handling.  Furthermore,  the  interconnects  can 
travel  over  rather  than  around  devices.  Future 
modifications  to  the  process  are  aimed  at  both 
improving  its  viability  as  a  nanoscale  metal  inter¬ 
connect  technique,  and  also  at  providing  previ¬ 
ously  unattainable  geometries  for  the  study  of 
controllable  quantum  interference  effects. 
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Abstract 

We  report  low  temperature  (T  <  2  K)  measurements  of  the  two-terminal  resistance  in  arrays  of  GaAs/AlGaAs 
wires  and  highlight  localization-related  effects. 


1.  Introduction 

Experimental  studies  of  localization  which 
proceed  from  the  metallic  limit  rely  upon  the  use 
of  the  temperature,  T ,  as  a  parameter  for  chang¬ 
ing  the  effective  sample  size  in  order  to  confirm 
(length)  scaling  theories  [1].  In  such  experiments, 
features  observed  in  the  electrical  response  re¬ 
flect  the  T-variation  of  characteristic  lengths  in¬ 
volved  in  interference,  i.e.,  the  inelastic  diffusion 
length,  and  interaction  effects,  i.e.,  the  thermal 
diffusion  length,  and  thereby  reveal  effective  di¬ 
mensionality  which  is  partly  determined  by  com¬ 
paring  characteristic  lengths  with  the  physical 
sample  size.  The  utility  of  this  method  has  been 
confirmed  in  2D  systems  through  weak  localiza¬ 
tion  studies  at  low  magnetic  fields,  5,  and  scaling 
studies  of  transport  in  the  quantum  Hall  regime 
[1,2].  Here,  we  apply  this  approach  to  quantum 
wires  in  order  to:  (a)  trace  out  the  (5  =  0)  flow  to 
the  (ID)  exponentially  localized  regime,  if  the 
latter  is  experimentally  accessible  by  varying  T 


*  Corresponding  author. 


[3],  and  (b)  search  for  novel  characteristics  result¬ 
ing  from  confinement,  and  phase  coherence  in 
the  confined  direction,  in  the  low  filling  factor,  v, 
high-5  limit  [4]. 


2.  Experiment 

Transport  studies  were  carried  out  on  arrays  of 
GaAs/AlGaAs  wires  manufactured  by  optical 
(holographic)  lithography  of  MBE-grown 
GaAs/AlGaAs  heterostructures  characterized  by 
n  =  3  X  1011  cm-2  and  fi(42  K)  =  0.5  X  106  cm2/ 
V  ■  s.  Typically,  a  photoresist  wire  grating  served 
as  a  template  for  a  shallow  mesa  etch  of  the  (Si) 
n-doped  AlGaAs  layer  in  the  heterostructure. 
Depletion  below  the  etched  regions  partitioned 
the  2DEG  into  an  array  of  electronic  wires  of 
periodicity  A  =  730  nm  (see  Fig.  2,  left  inset)  and 
reduced  the  carrier  density,  n,  well  below  the 
initial  value.  For  the  samples  examined  here,  the 
mesa  width  WM  =  400  nm  >  A/2  and  the  electri¬ 
cal  wire  width  ranged  between  130  <  W  <  200 
nm.  300  fx m  wide  Au-Ge/Ni  contacts  provided 
electrical  access  to  the  quasi- ID  system.  Thus, 
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Fig.  1.  The  two-terminal  resistance,  R,  vs  the  magnetic  field, 
B. 


these  two-terminal  resistance  measurements  in¬ 
cluded  in-situ  averaging  of  approximately  412 
wires  in  parallel. 

3.  Overview 

The  transport  characteristics  of  wires  may  be 
surveyed  in  a  field  sweep  of  the  two-terminal 
resistance,  R ,  which  is  shown  in  Fig.  1  for  L  =  98 
jam  long  wires.  At  low  B,  B  <  0.2  T,  one  observes 
negative  magnetoresistance  which  increases  in 
magnitude  with  decreasing  7.  Further  increase  in 
B  indicates  Landau  quantization  through  the  on¬ 
set  of  Shubnikov-de  Haas  (SdH)  oscillations.  At 
low  filling  factors  v  <  4  (B  >  1.8  T),  the  SdH 
linewidth  and  amplitude  exhibit  strong  7-depend- 
ence.  In  addition,  the  resistance  minima  saturate 
to  a  7-independent  value  at  the  lowest  7 ,  in  the 
vicinity  of  v  —  1  (6  <  B  <  8.5  T)  and  v  =  2  (3  <  B 
<  4  T),  and  the  7-evolution  of  the  lineshape 
around  v  =  1  is  reminiscent  of  the  resistance  min¬ 
ima  in  the  IQHE  regime. 

Fig.  1  indicates  that  the  two-terminal  resist¬ 
ance,  R ,  which  includes  both  Rxx  and  Rxy ,  ex¬ 
hibits  mostly  Rxx-\ike  characteristics  at  high  B. 
This  feature  originates  from  the  relatively  large 
length  L  (98  jam)  to  width  (0.2  jam)  ratio  (~  4.9 
X  10 2)  of  the  wires  which  enhances  Rxx  relative 
to  R  .  Yet,  one  might  assume  a  quantized  value 
for  R  in  the  vicinity  of  the  v  =  2  minima,  in  order 
to  estimate  the  number  of  electrically  active  wires, 
Nw  =  260,  in  the  sample.  Then,  the  resistance  per 
wire,  for  the  low  disorder  configuration  of  Fig.  1, 


may  also  be  determined:  NWR(B  =  0)  -  85 
kfl/wire.  Upon  correlating  the  measured  resis¬ 
tance  at  B  —  0  with  n  —  3  X  108  m” 1  and  ATW,  the 
electronic  mean  free  path  in  the  wires,  1-1.4 
jam,  was  found  to  be  reduced  relative  to  the 
unprocessed  material,  1  -  4.8  ja m.  The  confine¬ 
ment  energy  satisfies  0.5  <  h(o0  <  1  meV. 


4.  Low  field  transport 

The  magnitude  of  the  low  field  ( B  <  0.2  T) 
feature  pointed  out  in  Fig.  1,  was  found  to  be 
strongly  sensitive  to  the  effective  disorder  in  the 
wires,  and  relatively  large  effects  could  be  ob¬ 
served  when  a  low  n  (high- effective  disorder) 
configuration  was  realized  by  utilizing  the  persist¬ 
ent  photoconductivity  effect.  Here,  we  compare 
the  high-effective  disorder  configuration  in  a  set 
of  77  jam  and  98  jam  long  wires  fabricated  on  a 
single  chip,  which  included  a  small  change  in  n 
between  the  two  sets  of  wires  in  order  to  investi¬ 
gate  the  influence  of  a  differential  change  in 
disorder,  i.e.,  n  (77  jam)  <  n  (98  jam)  with  A n  < 
10%  (see  SdH  data,  inset  Fig.  2). 

Examine  Fig.  2.  The  B  =  300  mT,  high-7  (T  = 
1.2  K)  resistance  for  the  two  samples  scale  ap¬ 
proximately  with  L,  R( 98  jam)/R(77  jam)  =  1.13, 
and  the  resistance  per  wire,  i.e.,  NWR  (98  jam)  = 
265  kfl  and  N^Rill  jam)  =  233  kfl,  exceeds 
h/e2.  The  localization  length  in  these  wires,  a-1, 
is  estimated  to  be  jam)  =  8.5  jam  and 

a"1(98  jam)  =  9.5  jam.  Note  that  a  reduction  in  T 
produces  rather  large  increases  of  R(B  =  0)  and 
R(B  =  300  mT),  such  that,  although  at  T=  1.2  K 
the  longer  wires  show  greater  resistance  in  accord 
with  expectations,  the  shorter  low-mobility  wires 
become  substantially  more  resistive  at  the  lowest 
T\ 

These  low -B  data  indicate  that  the  magnetore¬ 
sistance  may  be  separated  into  two  terms:  a  7-de¬ 
pendent,  ^-independent  term  which  measures  the 
B  =  300  mT  value  of  the  resistance,  R[(T),  and  a 
B -  and  7-dependent  term,  R'2(T ,  B).  As  the  data 
exhibit  a  Lorentzian  lineshape,  they  have  been  fit 
to  R(T,  B)  =  R[(T )  +  R’2(T,  B)  =  R[(T)  + 
R2(T)/\1  +  (B/AB(T))2].  Best  fits,  shown  in  Fig. 
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Fig.  2.  (Inset  left):  Schematic  of  GaAs/AlGaAs  wires.  (Inset 
right):  The  Shubnikov-de  Haas  effect  at  T  =  1.3  K.  Low-5 
magnetoresistance  in  77  /xm  (top)  and  98  /xm  (bottom)  wires. 
Data  and  fit  (see  text)  are  shown. 

2,  indicate  that  the  empirical  function  describes 
the  data  within  experimental  uncertainties.  A 
plausible  alternative  for  R2(T ,  B),  the  ID  weak 
localization  prediction,  provided  consistently 
poorer  fits  to  the  same  data. 

The  T-exponent  characterizing  R2(T )  may  be 
extracted  from  Fig.  3,  which  shows  that  at  rela¬ 
tively  high  T,  R2(T) «  Ta  with  a  =  -1.0  ±0.1. 
However,  at  the  lowest  T ,  R2(T)  saturates  to  a 
nearly  constant  value.  The  exponent  characteriz¬ 
ing  the  5-independent  term  may  be  determined 
after  subtraction  of  the  classical  resistance  R0 , 
i.e.,  R^T)  =R[(T)  -R0;  which  is  estimated  to  be 
R0(17  /xm)  =  499  D  and  R0( 98  /xm)  =  726  ft.  Fig. 
3  (top)  shows  that  RX(T)  ~  T&  with  /3  =  -0.5  ± 
0.1.  A  comparison  of  R^T)  and  R2(T)  indicates 
that  R^T)  continues  to  increase  with  decreasing 
T  even  after  R2(T)  shows  saturation. 

The  mechanisms  responsible  for  R^T)  and 
R2(T7  B)  may  be  identified  by  comparing  with  ID 
predictions  for  the  dirty  metal  limit  [1].  Thus, 
R^T)~  T~0-5  and  the  characteristic  B-independ- 


ence  suggest  that  electron  interactions  are  re¬ 
sponsible  for  the  variation  of  the  background 
with  T.  The  power  law,  R2(T)~T~lf  and  the 
suppression  of  the  magnetoresistance  with  in¬ 
creased  B  suggest  that  R2(T,  B)  reflects  quan¬ 
tum  interference.  However,  the  magnitude  and 
the  lineshape  indicate  that  it  differs  quantitatively 
from  the  behavior  observed  in  the  weak  disorder 
limit.  The  saturation  of  Ri(T)  and  R2(T)  for  the 
98  /xm  wires  demonstrate  that  the  effective  sam¬ 
ple  size  may  not  be  increased  further  by  reducing 
T.  Thus,  the  98  /xm  wires  show  zero-dimensional 
behavior  as  far  as  both  interference  and  interac¬ 
tion  effects  are  concerned,  at  the  lowest  T.  The 
shorter  (77  /xm),  more  disordered  wires  show 
mixed  dimensionality  at  the  lowest  T.  Here,  the 
saturation  of  R2(T)  indicates  0D  characteristics 
for  interference  effects  while  the  continued  in¬ 
crease  of  R^T)  with  decreasing  T  suggests  ID 
behavior  for  interaction  effects.  Thus,  these  ex- 


T  (K) 


Fig.  3.  Top:  The  interaction  contribution,  RfT)  ~  T~1/2,  is 
shown  vs  T.  Bottom:  The  interference  contribution,  R2(T)~ 
T~l  is  shown  for  the  same  samples.  Inset:  The  half-width, 
A  B,  of  the  Lorentzian  is  shown  vs  T. 
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periments  demonstrate  that  temperature  can  be¬ 
come  a  less  effective  tool  for  varying  the  effective 
sample  size  when  characteristic  lengths  approach 
a-1  and  induce  dimensional  crossovers  as  far  as 
interference  and  interaction  effects  are  con¬ 
cerned.  Then,  further  flow  towards  the  exponen¬ 
tially  localized  regime,  driven  by  temperature  at 
5  =  0,  might  call  for  a  change  in  the  mechanisms 
and  a  shift  in  the  length  scales  which  determine 
effective  sample  size  at  finite  T  [1]. 


5.  High  field  transport 

A  striking  feature  in  the  data  of  Fig.  1  for 
v  <  4  is  the  strong  T-induced,  asymmetric  narrow¬ 
ing  in  the  linewidth  of  the  SdH  oscillations.  The 
feature  may  be  better  examined  for  the  N  =  0  J, 
oscillation,  i.e.,  3.5  <  5  <  7  T,  by  removing  a  lin¬ 
ear  Hall  effect  from  the  two-terminal  resistance 
and  normalizing  the  amplitude.  The  result,  plot¬ 
ted  in  Fig.  4  (inset),  shows  that  linewidth  narrow¬ 
ing  occurs  predominantly  on  the  high-5  side  with 
reduced  T,  while  the  low-5  side  remains  virtually 
unaffected  by  changing  T.  Similar  behavior  may 
also  be  seen  in  the  N  =  1  SdH  oscillation  which 
spans  the  range  1.8  <5  <3.5  T  in  Fig.  1.  The 
T-dependence  of  the  half-width  at  half-maximum, 
A 5,  on  the  high-5  side  of  the  N  =  Of  peak  has 


Fig.  4.  A  B  on  the  high  field  side  of  the  SdH  oscillation  is 
shown  vs  T  for  three  samples.  Inset:  The  normalized  resist¬ 
ance  vs  B  for  the  N  -  0  (down)  SdH  oscillation. 


been  plotted  in  Fig.  4  for  three  samples  of  dissim¬ 
ilar  lengths;  a  fit  to  the  data  suggests  that  A  5  * 
TK  with  k  =  0.4  (  +  30%). 

Scaling  studies  in  the  quantum  Hall  regime 
have  examined  symmetric  narrowing  of  SdH  oscil¬ 
lations  [2],  and  they  have  attributed  the  effect  to 
the  progressive  T-induced  localization  of  states  in 
the  tails  of  the  2D  Landau  levels.  The  similarity 
of  linewidth  narrowing  on  the  high-5  side  of  the 
SdH  oscillations  suggests  that  localization  occurs 
on  the  low  energy  side  of  Landau  levels  in  wires 
and  2D  systems.  However,  the  T-independent 
linewidth  on  the  low-5  side  in  wires  is  unlike  the 
standard  2D  result,  and  it  suggests  the  absence  of 
localization  on  the  high  energy  side  of  the  ID 
subbands. 

We  model  these  characteristics  assuming 
parabolic  confinement  in  wires,  i.e.,  V(x )  = 
m*(o2x2/2  with  co2  =  +  coj.  Note  that  co0  de¬ 

fines  the  potential  at  5  =  0  and  o>c  =  e5/m*.  For 
this  potential,  Enk(B)  =  (n  +  1/2  )ho)  + 
h2k2/2m*(B)  with  m*(5)  =  m*(  1  +  a>l/(ol\ 
while  the  electronic  density  of  states  (DOS), 
g(E)  =  (277 )— 1  (2 m*(B)/fi2)l/2  L(E  -  (n  + 
1/2 )hco)~l/2,  exhibits  a  E~ 1/2  singularity  at  the 
band  edge  (see  inset  (A),  Fig.  5).  Level  broaden¬ 
ing  might  be  expected  to  smear  out  the  E~ 1/2 
singularity,  produce  a  low  energy  tail  in  the  DOS 
below  the  Landau  subbands,  and  result  in  the 
localization  of  low  energy  states  which  lie  near 
the  band  bottom. 

The  magnetoresistance  in  wires  has  been  simu¬ 
lated  using  the  model  DOS  of  Fig.  5  (inset,  (B)), 
which  includes  a  mobility  edge,  Em,  at  the  sub¬ 
band  bottoms.  The  field  variation  of  the  Fermi 
level,  £,  is  shown  in  Fig.  5  (top)  for  typical  param¬ 
eters.  The  diagonal  conductivity  crxx,  which  re¬ 
flects  delocalized  initial  and  final  states  in  the 
vicinity  of  £  through  vxx~  f(-df/dE)g2(E)  d£, 
is  plotted  in  Fig.  5  (bottom)  for  three  values  of 
Em.  Note  that  an  increase  in  the  fraction  of 
localized  states  per  Landau  subband  results  in  an 
asymmetric  narrowing  of  the  oscillations  on  the 
high  field  side,  as  observed  in  the  data.  The 
simulations  may  be  connected  to  experiment  by 
noting  that  T  serves  to  vary  the  effective  sample 
length  by  changing  the  inelastic  diffusion  length, 
as  in  the  low-5  experiment.  The  resulting  pro- 
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Fig.  5.  Inset:  (A)  Ideal  density  of  states  for  wires  with  parabolic 
confinement.  (B)  Model  DOS  for  wires  including  localization. 
Em  marks  the  mobility  edge.  (Top)  the  5-variation  of  the 
Fermi  level,  £.  (Bottom)  The  diagonal  conductivity,  axx,  vs  B 
for  three  values  of  Em.  Note  the  narrowing  of  the  SdH 
oscillations  on  the  high-5  side  with  increased  Em . 

gressive  localization  of  longer  states  near  the 
subband  bottoms  with  reduced  T  shifts  the  mobil¬ 
ity  edge  to  higher  energies  as  in  the  simulations, 
and  the  asymmetric  SdH  narrowing  follows  power 
law  variation  with  T ,  as  observed  in  scaling  stud¬ 
ies  of  transport  in  the  (2D)  IQHE  regime  and  in 
our  results  (Fig.  4)  [2,4].  Thus,  confinement  plus 
phase  coherence  in  the  confined  direction  is  re¬ 
sponsible  for  these  novel  high-5  characteristics  in 
wires. 


6.  Conclusion 

The  localization-dependent  properties  of 
GaAs /AlGaAs  wires  have  been  examined 
through  a  transport  study  over  the  low-  (B  <  300 
mT)  and  high-magnetic  field  regimes  ( B  <  10  T). 
We  have  shown  that  low  field  magnetoresistance 
in  these  wires  is  described  by  R(T,  B)  =  R0  + 
R1(T)  +  R2(T)/(l  +  (B/kB)2\  where  the  Inde¬ 
pendent  terms  exhibit  interaction-  and  interfer- 
ence-like  power  laws,  RfiT)  ~T~ 1/2  and  R2(T) 
~  77-1,  at  relatively  high  T,  followed  by  satura¬ 
tion  at  the  lowest  T ,  which  we  have  reasoned 
signifies  a  dimensional  crossover  as  far  as  interac¬ 
tion  and  interference  effects  are  concerned.  The 
high  field  studies  reveal  strong  temperature-in¬ 
duced  asymmetric  narrowing  of  Shubnikov-de 
Haas  oscillations,  which  has  been  attributed  to 
asymmetric  localization  on  the  low  energy  side  of 
the  lD-Landau  bands.  Finally,  the  data  (Fig  .1) 
also  indicate  that  the  two-terminal  resistance  ex¬ 
hibits  a  finite  slope  versus  B  in  the  vicinity  of 
v  =  1  and  v  =  2  at  the  lowest  T ;  this  feature 
appears  to  suggest  that  Hall  quantization  need 
not  occur  in  disordered  quasi- ID  systems  [3]. 
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Abstract 

Transport  properties  of  GaAs  dual  quantum  dots  are  investigated  by  means  of  dual-channel  current  measure¬ 
ments.  The  total  conductance  of  the  dual  quantum  dots  has  a  shoulder  and  a  plateau  near  integer  multiples  of 
quantised  conductance  as  if  the  dual  quantum  dots  behave  as  a  single  quantum  point  contact.  This  novel  behaviour 
in  the  total  conductance  is  discussed  on  the  basis  of  a  multi-channel  conductor  model.  Chemical-potential  variation 
in  the  two-dimensional  electron  gas  is  proposed  in  three-terminal-like  transport  through  the  quantum  dots. 


1.  Introduction 

Electron  waves  in  coupled  quantum  structures 
give  rise  to  new  aspects  of  transport  phenomena 
in  semiconductor  low- dimensional  systems  [1,2]. 
Coupling  between  quantum  structures  will  be 
highly  pronounced  in  a  system  consisting  of  quan¬ 
tum  dots  because  translational  motion  is  elimi¬ 
nated  in  quantum  dots.  The  coupling  is  viewed  in 
analogy  with  chemical  bonding  in  a  molecule  [3]. 
In  this  paper  we  have  investigated  transport 
properties  of  dual  quantum  dots,  the  simplest 
case  of  coupled  quantum  dots,  by  means  of  dual¬ 
channel  current  measurements  and  have  dis¬ 
cussed  the  results  on  the  basis  of  a  multi-channel 
conductor  model.  We  have  found  that  strong 
coupling  between  quantum  dots  leads  to  conduc¬ 
tance  quantisation  over  the  dual  quantum  dots 
such  as  observed  in  a  single  quantum  point  con- 
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tact  in  spite  of  the  fact  that  the  dual  channels  of 
current  have  been  measured  independently  [3,4]. 


2.  GaAs  dual  quantum  dots  and  dual-channel 
current  measurements 

The  dual  quantum  dots  investigated  in  this 
paper  have  been  formed  by  lateral  confinement 
of  a  two-dimensional  electron  gas  (2DEG)  at  a 
GaAs/Ga07Al03As  heterojunction.  The  lateral 
size  of  the  dual  quantum  dots  and  coupling  be¬ 
tween  quantum  dots  have  been  controlled  by  gate 
voltages  applied  through  the  four  split  gates  as 
illustrated  in  Fig.  1.  These  split  gates  have  been 
fabricated  through  evaporation  of  metals  on  top 
of  the  heterojunction  wafers  after  electron-beam 
lithography.  The  quantum  dots  (QD1  and  QD2) 
have  a  quadrilateral  shape,  typically  400  nm  X  500 
nm  in  diagonal  dimension.  The  quantum  dots  are 
separated  from  each  other  by  a  potential  barrier 
formed  by  two  central  gates  with  voltage  VT.  The 
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potential  barrier  has  been  kept  low  enough  to 
realise  strong  coupling  between  quantum  dots  as 
described  in  the  next  section.  Gate  voltages  ap¬ 
plied  to  confinement  gates  for  QD1  and  QD2  are 
Vx  and  V2 ,  respectively.  Weak  electric  coupling 
between  quantum  dot  and  2DEG  reservoir  en¬ 
ables  transport  measurements  on  the  dual  quan¬ 
tum  dots. 

Dual-channel  current  measurements  have  been 
performed  at  4.2  K  with  the  configuration  shown 
in  Fig.  1.  This  configuration  is  similar  to  that 
employed  for  the  dual  electron  waveguides  [1,2]. 
Alternating  voltage  bias  VAC  (100  jxVx rms)  has  been 
applied  to  the  source  terminal  in  the  side  of  the 
quantum  dot  on  the  left  (QD1)  and  dual  channels 
of  current  lx  and  I2  through  the  drain  terminals 
have  been  measured  with  lock-in  amplifiers.  Dual 
channels  of  conductances  have  been  obtained 
from  the  relations,  Gx  =  Ii/VAC  and  G2  =  I2/V 
as  a  function  of  gate  voltage  V1  applied  to  the 
confinement  gate  for  QD1.  In  each  measurement, 
Vx  was  scanned  between  0.0  and  —0.8  V  with 
both  V2  and  VT  fixed. 

3.  Experimental  results  and  discussion 

3.1.  Conductance  characteristics 

Conductance  characteristics  of  the  dual  quan¬ 
tum  dots  are  presented  in  Figs.  2  and  3.  The 
dual-channel  conductances  Gx  and  G2  and  the 
total  conductance  Gl  +  G2  are  plotted  in  units  of 
quantised  conductance  le2/h  as  a  function  of 


Fig.  1.  Dual  quantum  dots  and  configuration  of  dual-channel 
current  measurements. 


Fig.  2.  Dual  channels  of  conductance,  Gt  (solid  line)  and  G2 
(dashed)  and  the  total  conductance  Gx  +  G2  (bold)  plotted 
against  gate  voltage,  Vx  applied  to  confinement  gate  for  QD1. 
Voltage,  K2,  for  confinement  gate  for  QD2  is  changed  be¬ 
tween  0.0  and  -0.8  V  (from  left  top  to  left  bottom  and  right 
middle  to  right  bottom)  in  -0.2  V  steps.  The  conductances 
are  scaled  in  units  of  quantised  conductance,  le2/h ,  includ¬ 
ing  spin  degeneracy.  The  gate  voltage,  VT,  for  the  central 
barrier  is  -0.6  V.  The  measurement  configuration  is  illus¬ 
trated  at  the  right-top  corner. 

gate  voltage  V1  at  4.2  K  with  VT=  —0.6  and 
-0.55  V,  respectively.  As  gate  voltage  Vx  de¬ 
creases,  dual-channel  conductances  tend  to  de¬ 
crease  since  the  potential  barrier  between  source 
2DEG  reservoir  and  QD1  increases  and  current 
transmission  is  reduced.  Quantum  dot  2  is  less 
conductive  when  gate  voltage  V2  for  QD2  is 
varied  to  more  negative  values.  The  QD2  is  al¬ 
most  non-conducting  with  gate  voltage  V2  as 
strong  as  -  0.8  V. 

The  total  conductance  G1  +  G2  plotted  against 
Vx  yields  a  shoulder-like  structure  about  an  inte¬ 
ger  multiple  of  the  quantised  conductance  irre¬ 
spective  of  complicated  behaviour  of  Gx  and  G2. 
The  shoulder  occurs  approximately  at  3  for  V2  = 
0.0  or  -0.2  V  in  Fig.  2,  or  otherwise  at  1  V  in 
Figs.  2  and  3.  A  plateau,  on  which  conductance  is 
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slightly  higher  than  2,  is  also  observed  in  the 
region  where  Vx  is  more  negative  than  -  0  68  V 
With  VT  =  0.0  or  -0.2  V.  The  dual-channel  con¬ 
ductances  vary  in  a  complementary  manner  to 
each  other  according  to  the  change  in  V2  be¬ 
tween  0.0  and  —0.2  V  or  between  —0.4  and 
-0.8  V.  The  dual  quantum  dots  seem  to  be  quan¬ 
tised  as  a  single  quantum  point  contact  even  though 
conductances  through  dual  quantum  dots  are  mea¬ 
sured  independently.  The  conductance  at  which 
the  shoulder  occurs  seems  to  vary  with  change  in 
V2.  The  arrow  in  each  graph  in  Figs.  2  and  3  is 
drawn  to  indicate  the  shoulder.  The  shoulder 
appears,  for  example  in  Fig.  4,  below  the  quan¬ 
tised  conductance  for  V2  =  -0.4  or  -0.8  V,  while 
it  is  located  almost  at  the  quantised  conductance 
for  V2  =  -0.6  V.  A  possible  origin  of  this  varia¬ 
tion  is  discussed  later  in  terms  of  chemical  poten¬ 
tial  variation  in  the  2DEG. 

Transport  of  the  dual  quantum  dots  is  domi¬ 
nated  by  QD2  in  a  certain  range  of  gate  voltages 


Fig.  3.  Dual  channels  of  conductance  and  their  total  conduc¬ 
tance.  Similar  plots  to  those  shown  in  Fig.  2  except  K,  is 
between  -0.4  and  -0.8  V,  and  VT  =  -0.55  V 


AG^V,) 


Fig.  4.  A <7 2  plotted  as  a  function  of  AG,.  A G,  and  AG2  have 
been  obtained  as  differences  from  the  conductances  measured 
in  the  experimental  limit  of  confinement  (F,  =  -0.8  V).  Four 
sets  of  the  plots  correspond  to  the  dual-channel  conductances 
with  V2  =  -0.0  to  -0.6  V  by  -0.2  V  step.  The  line  indicates 
AG,  +  AG2  =  1. 

v\  and  V2.  The  conductance  G2  through  QD2  is 
higher  than  Gj  in  a  range,  which  becomes  nar¬ 
rower  with  decreasing  V2.  The  transport  is  even 
like  single-channel  conduction  through  QD2, 
namely  G,  =  0,  between  V,  =  -0.660  and  -0.675 
for  V2  =  -0.4  V  in  Fig.  2  and  for  V2  =  -0.6  V  in 
Fig.  3.  These  features  of  the  transport  suggest 
that  strong  coupling  between  the  quantum  dots 
directly  connects  QD2  as  well  as  QD1  with  the 
source  2DEG  terminal.  On  account  of  the  strong 
coupling,  the  dual  quantum  dots  should  be  treated 
as  a  multiple-mode  conductor  similar  to  a  single 
quantum  point  contact  [4,5],  A  multi-channel 
conductor  has  been  employed  to  explain  the 
quantisation  plateaux  in  a  quantum  point  contact 
[4,6]. 

3.2.  Multi-channel  conductor  model 

The  multi-channel  conductor  model  is  applied 
to  the  dual  quantum  dots,  which  are  regarded  as 
an  obstacle  in  the  model  and  the  dual-channel 
conductances  G,  and  G2;  the  total  conductance 
G]  +  G2  is  expressed  as  [4,6] 

G\  =  Toia\  ~  TX2(a2 -at),  (1) 

G2=T02a2+Tu(a2-al),  (2) 
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and 

G\+G2  =  Tolax  +  Tma2.  (3) 

Here,  transport  associated  with  only  one  electron 
subband  is  considered,  and  G,  and  G2  are  scaled 
in  units  of  2 e2/h.  The  transmission  coefficient  7. 
represents  transmission  between  terminals  i  and 
j,  where  the  terminals  0,  1  and  2  correspond  to 
the  source  terminal,  the  left  drain  terminal  and 
the  right  drain  terminal,  respectively.  The  factors 
a,  and  a2  are  defined  as  a,  =  VQm/VAC  and 
a2  -  vqd2/v\c  according  to  the  definition  of  G, 
and  G2  in  the  dual-channel  current  measure¬ 
ments.  Eq.  (3)  shows  G,  +  G2  =  1  under  the  con¬ 
dition  that  resistance  in  2DEG  reservoir  is  negli¬ 
gible,  namely  a,  =a2  =  1  and  electron  reflection 
back  to  the  source  is  negligible,  T01  +  T02  =  1. 
This  result  of  the  model  supports  the  idea'  that 
the  total  conductance  of  dual  quantum  dots  will 
undergo  conductance  quantisation  such  as  ob¬ 
served  in  a  quantum  point  contact  and  electron 
waveguides  [2,4],  The  above  condition,  however, 
is  not  always  satisfied  and  G  ,  +  G 2  may  deviate 
from  1.  The  conductance  characteristics  in  Figs.  2 
and  3  show  that  the  condition  is  not  satisfied  and 
a,,  a2  and  T0l  +  T02  depend  on  gate  voltage  V , 
and  V2.  Gate-voltage  dependences  of  a;  and  T 
cause  transport  between  the  three  source  and 
drain  terminals  rather  than  two  parallel  transport 
channels  from  the  source  terminal  to  the  drain 
terminals,  as  discussed  below. 

3.3.  Three-terminal  transport 

To  compare  the  conductance  characteristics 
with  Eqs.  (1),  (2)  and  (3),  relative  conductance 
AG2  is  plotted  as  a  function  of  relative  conduc¬ 
tance  AG,  with  Kt=  -0.6  V  in  Fig.  4.  Each 
relative  conductance  has  been  obtained  as  a  dif¬ 
ference  from  the  conductance  measured  in  the 
experimental  limit  of  confinement  at  Vx  =  -  0.8 
V:  AG,  =  G,(K,)  —  G,(  — 0.8)  and  AG2  =  G?(K,) 

-  G2(  -  0.8).  The  four  traces  in  Fig.  4  correspond 
to  AG2-AG,  curves  with  V2  =  0.0,  -0.2,  -0.4 
and  —0.6  V,  respectively.  These  traces  show  a 
common  feature  that  a  large  bend  of  a  curve 
occurs  at  a  point  close  to  AG,  +  AG2  =  1.  In  the 
AG2  -  AG,  space  below  AG,  +  A G2  =  1,  electron 


transport  can  be  described  by  Eqs.  (1),  (2)  and 
(3).  If  V2  is  -0.2  V  or  weaker,  AG,  is  negative 
and  the  curve  has  a  negative  slope.  If  V2  takes 
further  more  negative  value,  AG,  as  well  as  the 
slope  tends  to  be  positive.  Transport  between  the 
two  drain  terminals,  that  is,  Tl2  (a2-a,),  is 
dominant  compared  with  transport  between  the 
source  terminal  to  each  drain  terminal,  Tm  a, 
and  T02  a 2,  if  V2  is  weak  and  QD2  is  weakly 
confined.  Transport  through  the  dual  quantum 
dots  is  then  described  as  electron  transport  be¬ 
tween  three  terminals  rather  than  parallel  trans¬ 
port  between  the  source  and  the  drain  terminals. 
This  implies  that  a2>«,:  voltage  or  chemical 
potential  difference  is  built  in  between  the  two 
drains  in  spite  that  each  drain  is  connected  to 
virtual  grounds  of  lock-in  amplifier.  It  is  difficult 
to  realise  such  an  observable  difference  in  chemi¬ 
cal  potential  between  the  drain  terminals  if  we 
regard  2DEG  as  a  ideal  metallic  conductor.  Even 
a  small  number  of  scattering  centres,  however, 
has  a  very  strong  effect  on  electron  localisation  in 
2D  [7],  A  possible  origin  is,  therefore,  chemical 
potential  variation  due  to  weak  localisation  which 
is  induced  by  interface  roughness  and  impurities 
in  2DEG. 


4.  Conclusion 

Transport  properties  of  GaAs  dual  quantum 
dots  have  been  investigated  by  means  of  dual¬ 
channel  current  measurements.  The  total  conduc¬ 
tance  of  the  dual  quantum  dots  yields  a  shoulder 
and  a  plateau.  These  structures  are  regarded  as 
the  sign  of  conductance  quantisation  such  as  ob¬ 
served  in  single  point  contacts  on  the  basis  of  a 
multi-channel  conductor  model.  Chemical-poten¬ 
tial  variation  in  the  two-dimensional  electron  gas 
is  suggested  to  cause  the  three-terminal  transport 
through  the  quantum  dots  rather  than  dual-chan¬ 
nel  parallel  transport. 
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Abstract 

Transport  through  a  quantum  dot  defined  in  a  two-dimensional  electron  gas  is  investigated  for  a  magnetic  field 
parallel  to  the  current  direction.  By  measuring  the  differential  conductance  as  a  function  of  the  gate-voltage  for 
finite  bias-voltage  between  the  two  electron  reservoirs,  excited  states  of  the  quantum  dot  are  observable.  Different 
excited  states  show  a  different  magnetic  field  dependence.  The  observed  shift  of  conductance  resonances  is  affected 
by  the  diamagnetic  shift  of  the  two-dimensional  electron  gas  in  the  leads. 


1.  Introduction 

Quantum  dots  or  zero-dimensional  systems 
consist  of  a  small  number  of  electrons  confined 
by  a  three-dimensional  potential.  By  coupling  a 
quantum  dot  with  two  electron  reservoirs  by  weak 
tunnel  junctions,  electron  transport  through  the 
quantum  dot  can  be  investigated.  Due  to  the 
small  total  capacitance  of  the  quantum  dot,  the 
electrostatic  energy  required  to  add  an  additional 
electron  to  the  dot  can  exceed  the  thermal  energy 
khT  at  low  temperature.  In  this  situation  trans¬ 
port  is  inhibited.  It  is  known  as  the  Coulomb 
blockade  of  tunneling  [1].  This  effect  has  been 
observed  in  metallic  systems,  but  also  in  semicon¬ 
ductor  nanostructures,  where  the  discreteness  of 
the  energy  spectrum  due  to  confinement  effects 


*  Corresponding  author. 

1  Present  address:  Paul-Drude  Institut  fur  Festkorperelek- 
tronik,  Hausvogteiplatz  5-7,  10117  Berlin,  Germany. 


has  to  be  taken  into  account  [2].  By  changing  the 
voltage  at  a  gate  electrode  capacitively  coupled  to 
the  quantum  dot,  the  electrostatic  potential  of 
the  quantum  dot  is  changed  and  the  states  of  the 
quasi-isolated  dot  are  shifted  in  energy  relatively 
to  the  states  of  the  electron  reservoirs. 

The  conductance  through  the  quantum  dot  as 
a  function  of  the  gate-voltage  at  low  temperature 
and  vanishing  bias-voltage  between  the  electron 
reservoirs  exhibits  well  separated  peaks.  At  the 
conductance  peak  the  number  of  electrons  in  the 
dot  oscillates  between  two  neighbouring  integers 
(i.e.  between  N  and  N  +  1).  It  is  called  the  sin¬ 
gle-electron-tunneling  regime.  At  more  negative 
gate-voltage  next  to  the  conductance  peak  the 
number  of  electrons  is  fixed  to  N ,  while  sweeping 
to  more  positive  gate-voltage  it  is  fixed  to  ( N  +  1) 
until  the  next  conductance  peak  appears  alternat¬ 
ing  between  ( N  +  1)  and  ( N  +  2)  electrons  in  the 
dot. 

The  energy  necessary  to  add  an  electron  to  the 
quantum  dot  is  changed  when  a  magnetic  field  is 
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applied.  McEuen  et  al.  [3]  obtained  the  magnetic 
field  dispersion  of  this  energy  by  performing  very 
detailed  measurements  of  the  changes  in  gate- 
voltage  position  and  amplitude  of  conductance 
resonances.  In  their  case  the  magnetic  field  was 
applied  perpendicular  to  the  two-dimensional 
electron  gas  (2DEG).  Here  we  present  investiga¬ 
tions  with  a  different  magnetic  field  orientation: 
in  our  case  the  magnetic  field  is  parallel  to  the 
2DEG  and  parallel  to  the  current.  It  is  shown 
that  one  has  to  take  into  account  the  magnetic 
field  dependence  of  the  chemical  potential  of  the 
electron  reservoirs  when  extracting  information 
about  the  magnetic  field  dispersion  of  the  states 
of  the  quantum  dot. 


2.  The  experiment 

The  sample  used  in  these  experiments  is  based 
on  a  GaAs/Al033Ga067As  heterostructure  with  a 
2DEG,  grown  on  an  undoped  GaAs  substrate. 
The  2DEG  has  a  sheet  electron  density  of  3.4  X 
10 15  m-2  with  a  mobility  of  60  m2/V  •  s  at  a 
temperature  of  4.2  K.  A  Hall  bar  was  etched  and 
ohmic  contacts  (AuGeNi)  were  alloyed  to  contact 
the  2DEG.  To  define  the  quantum  dot,  metallic 
split-gates,  as  shown  schematically  in  the  inset  of 
Fig.  1,  were  deposited  on  the  top  of  the  Hall  bar. 
The  diameter  of  the  area  between  the  tips  of  the 
gates  is  about  350  nm.  In  addition  to  these  top- 
gates,  a  metallic  electrode  (back-gate)  on  the 
reverse  side  of  the  substrate  was  used  to  change 
the  electrostatic  potential  of  the  quantum  dot. 
The  distance  between  the  2DEG  and  the  top- 
gates  was  86  nm,  the  distance  between  the  2DEG 
and  the  back-gate  was  0.5  mm. 

The  sample  was  mounted  in  the  mixing  cham¬ 
ber  of  a  3He/4He  dilution  refrigerator  with  base 
temperature  of  22  mK.  To  define  the  quantum 
dot,  negative  voltages  (  —  0.7  V)  were  applied  to 
the  top-gates  relative  to  an  ohmic  contact  of  the 
Hall  bar.  Electrostatic  depletion  below  the  top- 
gates  divides  the  2DEG  into  two  areas,  which  act 
as  leads,  and  the  region  of  the  quantum  dot, 
which  was  then  weakly  coupled  to  the  two  leads 
by  tunneling  barriers.  The  tunneling  barriers 
could  be  tuned  by  changing  slightly  the  voltage 


Fig.  1.  Conductance  versus  back-gate  voltage.  Inset:  Center  of 
split-gate  structure  used  to  define  the  quantum  dot. 

applied  to  the  different  top-gate  fingers.  The 
two-terminal  conductance  through  the  quantum 
dot  was  measured  by  using  an  ac  lock-in  tech¬ 
nique  at  a  frequency  of  13  Hz  and  an  effective  ac 
source-drain  voltage  of  5  jx\.  In  addition  to  the 
ac  source-drain  voltage,  a  dc  voltage  KDS  in  the 
range  of  mV  could  be  applied.  For  the  measure¬ 
ments  the  top-gates  were  kept  at  fixed  voltages. 


3.  The  results 

In  Fig.  1  the  measured  conductance  as  a  func¬ 
tion  of  the  back-gate  voltage  VB  is  shown.  Well 
separated  conductance  peaks  are  observable. 
Within  the  experimental  resolution  all  the  sepa¬ 
rations  in  gate-voltage  between  adjacent  peaks 
are  the  same.  In  the  Coulomb  blockade  model 
used  for  quasi-isolated  quantum  dots  this  separa¬ 
tion  is  given  by  e/CB  for  degenerate  states,  where 
CB  is  the  capacitance  between  the  quantum  dot 
and  the  back-gate  [2].  We  obtain  CB  =  (5.4  ±  0.2) 
X  10” 20  F.  In  changing  the  voltage  VG  of  each 
top-gate  i  by  A VG,  the  conductance  peaks  shift 
slightly  in  the  back-gate  voltage  VB  given  by  AKB 
=  ClG/CB  *  AV^  (ClG  is  the  capacitance  to  top- 
gate  o.  In  a  similar  way  the  capacitances  to  the 
two  leads  can  be  obtained.  Adding  all  capaci¬ 
tances  results  in  a  total  capacitance  of  C %  =  (1.2 
±  0.1)  X  10  16  F.  The  relation  between  electro¬ 
static  potential  changes  in  the  dot  and  changes  in 
the  back-gate  voltage  AVB  is  given  by  the  ratio 
Cb/Cx  =  (4-5  ±  0.2)  X  10'4. 
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In  Fig.  2  the  measurements  of  the  conductance 
versus  back-gate  voltage  VB  are  shown  for  differ¬ 
ent  magnetic  fields  B ,  varying  from  -  15  to  15  T 
in  0.5  T  steps.  The  conductance  peaks  are  shifted 
to  positive  gate  voltage  VB  and  the  amplitudes  of 
the  peaks  are  modulated  by  the  magnetic  field. 
The  dependence  is  symmetric  for  both  directions 
of  B .  These  measurements  are  expected  to  con¬ 
tain  information  about  the  magnetic  field  depen¬ 
dence  of  the  energy  that  is  necessary  to  add  the 
(N  +  l)th  electron  to  the  dot  (between  ground- 
state  of  (N  +  1)  and  groundstate  of  N  electrons). 
A  change  in  peak  amplitude  has  been  correlated 
with  a  change  in  character  of  the  lowest  accessi¬ 
ble  state  for  the  (A  +  l)th  electron  [3]. 

To  obtain  additional  information  about  our 
system  we  performed  measurements  of  the  differ¬ 
ential  conductance  dI/dVDS  versus  back-gate 
voltage  VB  for  a  finite  dc  bias  voltage  VDS  =  -  0.7 
mV.  In  Fig.  3  the  differential  conductance 
d  I/dVDS  is  plotted  in  linear  greyscale  versus  VB 
for  the  different  values  of  B  (white  corresponds 
to  dI/dVDS  <  0  /laS,  black  corresponds  to 
d//dKDS  >  1  fi S).  The  gate-voltage  regions, 
where  single-electron  tunneling  (SET)  occurs,  are 
broadened  since  the  difference  between  the  elec¬ 
trochemical  potentials  of  the  two  electron  reser¬ 
voirs  has  been  increased. 


:  a 

3:  ois) 


VB  (V) 

Fig.  2.  Conductance  a  versus  back-gate  voltage  VB  for  differ¬ 
ent  magnetic  fields  B  (-15  to  15  T  in  0.5  T  steps)  in  a 
three-dimensional  plot. 
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B  (T) 

Fig.  3.  Differential  conductance  dI/dVDS  given  in  a  greyscale 
(white  <  0  /xS,  black  >  1  ^,S)  as  a  function  of  back-gate 
voltage  VB  for  different  magnetic  fields  B  (- 15  to  15  T  in  0.5 
T  steps).  The  bias  voltage  Fds  was  -0.7  mV. 

With  N  electrons  enclosed  in  the  quantum  dot 
and  sweeping  VB  to  positive  values,  transport 
through  the  dot  starts  when  the  energy  necessary 
to  add  the  ( N  +  l)th  electron  becomes  equal  to 
the  electrochemical  potential  of  the  emitter 
reservoir  and  stops  when  the  energy  falls  below 
the  electrochemical  potential  of  the  collector 
reservoir.  Additional  differential  conductance 
peaks  in  the  SET  regime  appear  indicating  new 
tunneling  channels  [4-6]  since  excited  states  of 
the  N  and  N  +  1  electron  system  are  energeti¬ 
cally  accessible  for  transport.  As  visible  in  Fig.  3, 
the  separation  between  these  additional  peaks 
changes  with  the  magnetic  field. 

One  possibility  for  a  magnetic-field-induced 
change  is  Zeeman  splitting  due  to  different  spin 
states.  At  15  T  the  Zeeman  splitting  gfiBB  is 
0.38  meV  for  the  g-factor  of  bulk  GaAs  ( |  g  |  = 
0.44).  To  analyse  the  results  shown  in  Fig.  3  in 
more  detail,  the  gate-voltage  position  of  the  two 
peaks  visible  in  Fig.  3  around  -3  V  are  replotted 
in  Fig.  4a  versus  B.  Clearly  the  different  shifts  in 
VB  of  the  two  peaks  induced  by  B  are  visible.  The 
data  points  in  Fig.  4b  show  the  magnetic  field 
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dependence  of  the  difference  between  these 
shifts,  which  appear  to  be  linear  with  magnetic 
field.  This  fact  suggests  that  the  two  peaks  are 
connected  with  states  which  differ  in  their  spin 
quantum  number.  A  linear  fit  of  the  B  depen¬ 
dence  (given  by  the  straight  line  in  Fig.  4b)  yields 
the  slope  dVB/dB  —  (40  ±  5)  mV/T.  Relating 
this  to  the  Zeeman  splitting  provides  a  g-factor 
of  |  g  |  =  0.31  ±  0.04.  This  value  is  slightly  smaller 
than  g-factor  values  measured  for  the  2DEG  in 
similar  heterostructures  by  electron-spin  reso¬ 
nance  experiments  [7].  g-factors  measured  for  ID 
constrictions  have  been  found  to  be  larger  [8]. 
The  correct  value  for  a  quantum  dot  at  the  Al- 
GaAs/GaAs  interface  is  not  known. 

Whereas  the  change  in  difference  in  gate-volt¬ 
age  position  of  the  two  peaks  seems  to  be  linear 
in  B ,  the  overall  shift  in  gate-voltage  position  of 
one  peak  is  nonlinear.  The  data  points  given  in 
Fig.  4a  can  be  fitted  by  a  second-order  polyno¬ 
mial  in  B  (8VB  =  a B2  +  ft B ,  with  a  =  (13  ±  1) 
mV/T2,  and  ft  =  (60  +  10)  mV/T,  respectively, 
ft  =  (100  ±  10)  mV/T).  Both  peak  shifts  are  de¬ 
scribed  by  the  same  B2  dependence. 

In  interpreting  these  shifts  one  has  to  be  care¬ 
ful.  On  the  one  hand  the  magnetic  field  influ¬ 
ences  the  states  in  the  quantum  dot,  on  the  other 


Fig.  4.  (a)  Gate-voltage  position  VB  of  the  two  peaks  observed 
in  Fig.  3  around  -3  V  plotted  versus  B.  (b)  Difference  in 
gate-voltage  of  the  two  peaks  (a)  versus  B. 
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Fig.  5.  Schematic  capacitance  circuit  of  the  sample  taking  into 
account  the  Schottky  voltages  KSch. 


hand  the  magnetic  field  also  affects  the  2DEG 
leads.  The  electronic  states  in  the  2DEG  are 
energetically  shifted  by  the  magnetic  field, 
whereas  the  metallic  electron  reservoirs  are  hardly 
affected.  Their  electrochemical  potential  is  fixed 
by  the  electrical  circuit  outside  the  magnet.  To 
come  to  an  equilibrium  state  between  2DEG  and 
metallic  electron  reservoirs,  electrons  move  from 
the  2DEG  to  the  metal  building  up  an  intrinsic 
voltage  at  the  interface  (Schottky  voltage)  until 
the  electrochemical  potentials  are  equalised.  The 
electrostatic  potentials  of  the  2DEG  leads  are 
changed  by  AFSch  =  A  fi2®EG(B)/e,  where 
A^chEG  is  the  change  of  the  chemical  potential  of 
the  2DEG.  The  quasi-isolated  quantum  dot  is 
coupled  to  the  2DEG  leads  by  capacitances. 
Therefore  the  electrostatic  potential  of  the  quan¬ 
tum  dot  is  shifted  due  to  the  capacitance  circuit 
given  in  Fig.  5,  in  addition  to  the  energy  change 
A Ex°\(B)  induced  directly  by  the  magnetic  field 
to  the  energy  necessary  to  add  the  (N+l)th 
electron.  Consequently,  shifts  8VB  of  resonance 
condition  in  the  back-gate  voltage  VB  are  given 
by 

e-CB/Cf8VB 

=  A E%$\( B)-(Cr  +  C,)/Cs-  AM2“G(  B ) , 

(1) 

where  Cr  and  Ce  are  the  capacitances  between 
the  quantum  dot  and  the  2D  reservoirs. 

In  an  in-plane-gate  single-electron  transistor 
[9],  where  also  the  gates  consist  of  2DEG  only 
A Ex°\(B)  -  A jjL2£EG(B)  should  be  observable. 
But  in  our  structure,  since  the  quantum  dot  is 
also  capacitively  coupled  to  metallic  gates  negligi¬ 
bly  affected  by  the  magnetic  field,  only  the  frac¬ 
tion  (Cr  +  C^)/C1  —  0.59  ±  0.05  of  the  diamag¬ 
netic  shift  of  the  2DEG  appears  in  formula  (1). 
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Assuming  that  the  change  of  the  electron  den¬ 
sity  in  the  2DEG  is  negligible,  A jj?^eg(B)  is 
given  by  the  diamagnetic  shift  A E2ubg(B)  of  the 
subband  [10].  Assuming  in  addition  that  the 
quantum  dot  and  the  2DEG  have  the  same  dia¬ 
magnetic  shift,  we  obtain  &E2DEG(B)/B2  =  (14 
±  2)  /ueV/T2  from  the  B 2  dependence  shown  in 
Fig.  4  for  the  diamagnetic  shift  for  this  het¬ 
erostructure. 


4.  Conclusions 

The  resonance  conditions  for  transport  through 
the  quantum  dot  are  affected  by  the  change  of 
the  chemical  potential  in  the  leads  (2DEG)  in¬ 
duced  by  the  magnetic  field.  Direct  information 
about  the  quantum  dot  is  obtained  by  interpret¬ 
ing  the  difference  of  the  shifts  of  differential 
conductance  peak,  which  are  observed  at  finite 
bias-voltage  within  one  single-electron-tunneling 
regime. 
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Abstract 

Magnetoconductance  of  a  strip  of  two-dimensional  electron  gas  is  calculated  in  the  presence  of  an  antidot 
potential.  We  use  both  abrupt  and  smooth  models  for  the  antidot  potential.  An  oscillation  due  to  the  Aharonov-Bohm 
effect  is  observed  as  a  circulating  edge  state  around  the  antidot  is  established.  As  short-range  disorder  is  introduced, 
the  amplitude  of  the  oscillation  is  enhanced  (suppressed)  for  magnetic  fields  below  (above)  the  threshold  of  the 
circulating  edge  state.  The  position  of  the  resonances  in  a  magnetic  field  is  found  to  be  nearly  independent  of  the 
moderate  disorder. 


1.  Introduction 

Recent  experiments  [1-3]  have  shown  that  the 
magnetoresistance  of  antidot  arrays  exhibits  a 
periodic  oscillation  at  low  temperatures.  The  fine 
structure  is  superimposed  on  a  slowly  varying 
background  oscillation  due  to  commensurate 
classical  orbits  [2,4].  The  amplitude  of  the  rapid 
oscillation  is  suppressed  in  both  weak  and  strong 
magnetic  fields,  and  hence  is  a  maximum  at  fields 
where  the  cyclotron  orbit  encircles  a  single  anti¬ 
dot  [3].  Since  the  period  is  in  reasonable  agree¬ 
ment  with  a  change  of  magnetic  flux  h/e  pene¬ 
trating  through  the  antidot,  the  oscillation  has 
been  interpreted  in  terms  of  an  Aharonov-Bohm 
(AB)-type  interference  effect  [5,6].  Surprisingly, 
the  array  may  consist  of  thousands  of  antidots. 
Therefore,  the  observations  indicate  that  the  os¬ 
cillation  does  not  suffer  from  ensemble  averaging, 
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in  contrast  to  the  conventional  h/e  oscillation 
observed  in  lithographically  defined  ring  struc¬ 
tures  [7].  In  dirty  metals,  the  electron  phase  after 
traveling  the  AB  loop  is  sample  dependent  due  to 
phase  shifts  while  being  scattered  from  impuri¬ 
ties.  The  purpose  of  this  paper  is  to  investigate 
the  effects  of  random  potentials  on  the  AB  inter¬ 
ference  in  the  antidot  structures.  We  focus  our 
attention  on  the  role  of  an  individual  antidot. 
Quantum  mechanical  transmission  through  a  strip 
of  two-dimensional  electron  gas  (2DEG)  is  nu¬ 
merically  calculated  in  the  presence  of  an  antidot 
potential  and  short-range  disorder.  If  the  AB 
oscillation  possesses  sample  specific  phase  due  to 
the  impurities,  contributions  from  phase  incoher¬ 
ent  segments  will  average  out  in  an  array  of 
antidots. 

2.  Numerical  model 

Our  model  geometry  is  illustrated  in  Fig.  la,  in 
which  a  single  antidot  potential  V(x,  y)  is  placed 


0039-6028 /94 /$07.00  ©  1994  Elsevier  Science  B.V.  All  rights  reserved 
SSDI  0039-6028(93)E0723-8 


670 


Y.  Takagaki,  D.K.  Ferry  /  Surface  Science  305  (1994)  669-673 


(a)  D 


Fig.  1.  (a)  Schematic  view  of  the  model.  The  shaded  regions 
represent  the  antidot  potential.  Short-range  disorder  is  intro¬ 
duced  in  the  area  with  length  L  =  51a  (between  the  dashed 
lines),  (b)  Configuration  of  edge  states  at  the  Fermi  energy. 


at  the  center  of  a  strip  with  width  W.  We  con¬ 
sider  a  steep  potential  [ V(x ,  y)=U  in  the  anti¬ 
dot  and  0  otherwise]  and  a  smooth  potential: 


x\<W/4. 


(i) 


The  neighboring  antidots  in  the  transverse  direc¬ 
tion  are  represented  by  the  hard  wall  boundary 
and  those  in  the  longitudinal  direction  are  ne¬ 
glected  for  the  sake  of  simplicity.  This  roughly 
corresponds  to  a  situation,  in  which  the  phase 
coherence  length  is  comparable  with  the  antidot 
period. 

The  conductance  of  the  system  is  calculated  by 
means  of  the  lattice  Green’s  function  technique. 
The  system  is  simulated  by  a  square  lattice  with 
lattice  constant  a .  We  assume  the  Fermi  wave¬ 
length  to  be  AF  =  9a.  In  the  sample  region  with 
length  L  «  6.3AF,  short-range  disorder  is  intro¬ 
duced  by  modifying  the  site  energy  randomly  in 


an  interval  [-T/2,  r /2].  In  the  following  simula¬ 
tion,  the  magnetic  field  is  graded  to  zero  in  the 
leads  attached  to  the  sample  region  since,  in  the 
absence  of  magnetic  field,  the  transmission  coef¬ 
ficient  is  simply  given  by  a  projection  of  the 
Green’s  function  onto  the  transverse  wave  func¬ 
tion  [8]. 


3.  Results  and  discussion 

In  the  first  part  of  this  paper,  we  assume  an 
abrupt  potential  with  the  diameter  of  the  antidot 
being  D  =  21a  (~  2.3AF).  The  experiment  by  Ni- 
hei  et  al.  [3]  has  shown  that  the  oscillation  ap¬ 
pears  as  the  distance  between  the  antidots  nar¬ 
rows.  This  can  be  explained  in  terms  of  multi- 
mode  effects  [6].  The  two-terminal  conductance 
of  the  ordered  case  (JT  =  0)  is  plotted  in  Fig.  2  as 
a  function  of  ho)c/EF ,  with  coc  —  eB/m  being  the 
cyclotron  frequency.  The  curves  represent  the 
conductance  for  A/\¥~  1.1,  0.89,  and  0.67,  i.e., 
the  Fermi  energy  is  placed  above,  near,  and  be¬ 
low  the  second  subband  threshold  in  the  constric¬ 
tions.  The  magnetic  field  penetrates  the  2DEG 
region  as  well  as  the  antidot  region,  and  so  no 


Hcdc/Ef 


Fig.  2.  The  conductance  of  the  wire  as  a  function  of  magnetic 
field.  The  separation  between  the  antidots  A  is  10#  ( ~  1.1AF), 
Sa  (  ~  0.89Af)  and  6a  (  ~  0.67AF)  from  the  top  to  the  bottom. 
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AB  structures  are  observed  near  zero  field  in  the 
samples  with  a  small  ratio  of  “ring  diameter  to 
wire  width”.  Note  that  the  two  parallel  constric¬ 
tions  have  no  correlation  at  B  =  0,  so  that  the 
conductance  is  nearly  quantized  in  units  of  4 e2/h 
as  A  is  varied.  The  degeneracy  breaks  down  for 
ha)c/EF  >  0.2,  where  an  edge  state  circulating 
around  the  antidot  potential  is  well  defined,  and 
hence  the  conductance  quantization  appears  in 
units  of  2 e2/h.  In  this  regime,  the  conductance 
exhibits  an  oscillation  due  to  AB  interference, 
which  consists  of  Lorentzian-shaped  resonances 
with  amplitude  ~  2  e2/h.  One  finds  that  the  res¬ 
onances  can  appear  as  either  peaks  or  dips.  The 
resonant  reflection,  which  has  been  predicted  by 
Jain  and  Kivelson  [9],  is  due  to  tunneling  between 
the  antidots  in  the  transverse  direction  (dotted 
line  in  Fig.  lb).  On  the  other  hand,  the  resonant 
transmission  is  due  to  tunneling  between  the  clas¬ 
sically  reflected  edge  state  in  the  wire  and  that 
around  the  antidot  (dashed  line  in  Fig.  lb)  [6]. 
Therefore,  the  latter  occurs  only  when  the  num¬ 
ber  of  occupied  Landau  levels  in  the  wire  region 
away  from  the  antidot  is  larger  than  that  in  the 
constriction.  The  resonance  width  is  related  to 
the  strength  of  coupling  between  the  edge  states 
(traveling  in  the  opposite  directions  for  the  reso¬ 
nant  reflection  and  in  the  same  direction  for  the 
resonant  transmission)  by  the  Breit-Wigner  for¬ 
mula.  The  transport  becomes  adiabatic  as  the 
magnetic  field  is  increased,  resulting  in  a  narrow 
resonance  due  to  suppression  of  the  inter-edge 
transition.  At  finite  temperatures,  the  oscillation 
eventually  disappears  if  the  resonance  width  be¬ 
comes  much  narrower  than  kBT  in  strong  fields. 
The  oscillation  is  periodic  when  only  the  lowest 
mode  is  transmissive  in  the  constrictions.  On  the 
other  hand,  if  multiple  edge  states  are  occupied 
at  the  constrictions,  contributions  from  different 
modes  overlap,  leading  to  aperiodic  resonances. 
For  the  low  field  sinusoidal  oscillation  at  hcoc/EF 
^  0.15,  oscillations  associated  with  different  edge 
states  add  incoherently,  and  so  one  finds  a  de¬ 
structive  averaging  effect. 

Let  us  now  consider  impurity  effects  in  a  nearly 
clean  system.  In  Fig.  3,  the  conductance  is  plotted 
for  various  values  of  T  for  a  particular  realization 
of  disorder.  We  find  that  the  oscillation  is  robust 


Fig.  3.  The  conductance  of  the  wire  as  a  function  of  magnetic 
field  in  the  presence  of  short-range  disorder.  The  strength  of 
the  disorder  F /EF  is  0.0  (dotted  line),  0.2,  0.4,  0.6,  0.8  and 
1.0  (dashed  line)  for  tia)c/EF<  0.2  and  0.0  (dotted  line),  0.6 
(solid  line),  and  1.0  (dashed  line)  for  h(oc /EF  >  0.2.  The  peak 
at  ho)c  /Ef  ~  0.32  is  expanded  in  the  inset.  The  parameters 
for  the  abrupt  antidot  potential  are  D  =  2la,  A  =  5a,  and 
AF  =  9a. 

against  the  disorder.  Note  that,  the  mean  free 
path  at  B  =  0  is  ~  16AF  for  T /EF  =  1.0.  As  the 
disorder  is  increased,  the  low  field  oscillation  is 
enhanced,  whereas  the  high  field  resonances  are 
suppressed  and  broadened  (Fig.  3,  inset).  The 
position  of  the  resonances  only  slightly  shifts  to 
higher  magnetic  fields  and  is  almost  independent 
of  the  disorder  even  for  T /EF  =  1.0,  where  the 
peak  at  ho)c/EF  ~  0.29  is  almost  destroyed.  This 
is  in  contrast  to  the  AB  oscillation  in  a  quantum 
dot,  for  which  the  period  becomes  slow  as  disor¬ 
der  is  introduced  due  to  shrinkage  of  effective 
ring  area  [10].  The  independence  of  the  period 
from  the  presence  of  disorder  can  be  explained  in 
that  the  effective  loop  trajectory  in  the  antidot 
passes  through  the  center  between  the  antidots. 
The  edge  state  is  pushed  away  from  the  boundary 
by  disorder.  The  area  shrinks  to  the  bulk  in  the 
quantum  dots  while  the  trajectory  is  less  affected 
in  the  antidots.  Normally,  an  electron  picks  up 
additional  phase  when  scattered  from  impurities. 
The  AB  oscillation  is  usually  averaged  to  zero  in 
an  array  of  rings  of  metals  [7].  This  phase  alter¬ 
ation  may  not  be  efficient  if  the  sample  dimen¬ 
sions  are  not  much  larger  than  the  Fermi  wave- 
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Fig.  4.  The  conductance  as  a  function  of  magnetic  field  for  the 
smooth  potential.  The  solid  and  dotted  lines  correspond  to 
r /Ef  =  0.0  and  0.6,  respectively. 

length.  Our  result  suggests  that  ensemble  averag¬ 
ing,  in  the  quantum  Hall  regime,  is  effectively 
invalid  in  geometries  patterned  with  high  mobility 
semiconductors. 

We  find  that,  in  general,  the  period  increases 
with  increasing  magnetic  field,  though  the  low 
field  behavior  considerably  depends  on  the  Fermi 
energy.  The  period  of  the  peaks  at  ho)c/EF « 
0.14,  0.2  and  0.4  in  Fig.  3  corresponds  to  an 
effective  loop  diameter  of  ~  47 a,  ~  32  a  and 
~  27 a,  respectively.  The  reason  that  the  effective 
diameter  can  be  significantly  larger  than  the  pe¬ 
riod  of  the  array  (26  a)  is  due  to  neglect  of  anti¬ 
dots  in  the  longitudinal  direction.  The  shrinkage 
is  also  ascribed  to  an  increased  spatial  separation 
between  left-  and  right-moving  edge  states  in 
high  magnetic  fields,  which  has  been  observed  in 
experiments  [3]. 


Fig.  5.  Closed  edge  state  loops  (shaded  areas)  in  antidot  array. 
The  filled  circles  and  dotted  lines  represent  antidot  potential 
and  edge  states,  respectively. 


The  transmission  for  the  smooth  potential  is 
shown  in  Fig.  4.  The  parameter  of  the  potential  is 
chosen  such  that  the  distance  of  adjacent  dots  at 
the  Fermi  energy  is  ~  0.71  A F.  One  finds  essen¬ 
tially  the  same  result.  The  edge  states  come  closer 
in  space  for  the  smooth  potential,  and  so  one 
finds  broad  resonances  when  compared  to  the 
case  of  the  abrupt  potential.  The  effective  loop 
diameter  in  a  range  of  magnetic  field  0.3  < 
hcoc/EF  <  0.6  is  ~  27 a,  which  is  comparable  with 
the  period  of  the  antidots.  The  oscillation  effec¬ 
tively  disappears  in  high  magnetic  fields  as  the 
circulating  edge  state,  which  encloses  the  mag¬ 
netic  flux,  is  isolated  from  the  current  carrying 
edge  state.  The  peaks  become  so  narrow  for 
tuoc/EF  >  0.6  that  the  resonance  at  h(oc/EF  ~ 
0.68  does  not  appear  in  Fig.  4  in  the  absence  of 
disorder.  The  peak  appears  clear  for  r/EF  =  0.6 
(dotted  line)  due  to  the  disorder  induced  broad¬ 
ening. 


4.  Conclusion 

In  conclusion,  the  magnetic  field  dependence 
of  the  transmission  through  a  single  antidot  po¬ 
tential  is  found  to  show  resonant  reflection  and 
transmission  due  to  AB  effect.  The  position  of 
the  resonances  in  magnetic  field  is  insensitive  to 
disorder.  This  suggests  that  the  oscillation  can 
survive  ensemble  averaging  in  moderate  disorder. 
The  clearest  oscillation  is  expected  to  occur  if 
only  the  lowest  mode  is  transmitted  between  the 
antidots.  In  this  situation,  the  oscillation  in  the 
antidot  array  may  arise  not  only  due  to  the  circu¬ 
lating  edge  state  around  the  antidots  but  also  due 
to  that  in  the  quantum  dot  region  (Fig.  5).  How¬ 
ever,  the  numerical  result  of  Sivan  et  al.  [10] 
indicates  that  the  latter  contribution  is  averaged 
out  in  the  presence  of  randomness,  and  hence 
only  the  former  one  will  appear  in  the  resistance 
of  macroscopic  arrays. 
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Abstract 

Current-voltage  phase  shift  measurements  are  reported  between  electrodes  situated  near  the  rim  of  an  array 
located  below  a  charged  liquid  helium  surface.  Data  are  taken  in  magnetic  fields  up  to  20  T  at  a  temperature  near  2 
K.  Under  these  conditions,  the  ultra-quantum  limit  is  reached,  where  the  Landau  level  width  is  larger  than  the 
electron  thermal  energy.  Interpreting  the  data  in  terms  of  the  AC  Hall  effect,  or  edge  magnetoplasmon,  suggests 
that  the  Hall  resistivity  deviates  from  its  classical  value  for  fields  greater  than  10  T. 


1.  Introduction 

Surface  state  electrons  on  liquid  helium  (SSE) 
form  a  classical  two-dimensional  electron  gas  in 
the  sense  that  the  electrons  are  non-degenerate, 
i.e.  the  Fermi  energy  is  much  smaller  than  the 
thermal  energy  kT  at  practical  densities  and  tem¬ 
peratures.  One  of  the  most  intriguing  phenomena 
in  degenerate  systems  (inversion  layers  and  het¬ 
erojunctions),  namely  the  quantum  Hall  effects 
(QHE)  [1]  will  therefore  not  occur  in  the  SSE-sys- 
tem.  In  a  strong  magnetic  field,  the  electrons  in  a 
non-degenerate  system  are,  however,  also  sub¬ 
jected  to  the  quantization  of  energy  in  the  Lan- 


*  Corresponding  author.  Fax:  +31  (40)  453587. 


dau  levels.  This  quantization  determines  the 
transport  properties  in  high  magnetic  fields  [2-6]. 

Two  strong-field  regimes  may  be  distinguished 
for  the  SSE.  The  first  is  the  quantum  limit,  where 
the  Landau  level  separation,  h(oc ,  is  much  larger 
than  kT ,  but  the  Landau  level  width,  2 T,  is  much 
smaller  than  kT.  The  second  regime  is  the  ultra¬ 
quantum  limit,  where  not  only  ho)c^>kTf  but 
also  kT.  The  level  width  2 T,  which  might  be 
written  as  h/r(B )  with  r(B)  the  scattering  time 
in  a  field,  is  determined  by  the  scattering  pro¬ 
cesses  and  is  expected  to  decrease  rapidly  with 
decreasing  temperature  at  a  rate  faster  than  T. 
The  ultra-quantum  limit  will  therefore  not  be 
reached  by  cooling  down  to  practically  realisable 
temperatures  T  >  10  mK.  Instead,  T  should  be 
increased  by  increasing  the  temperature  up  to  the 
highest  possible  temperature  which  is  limited  to 
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the  A-point  of  helium  (2.17  K)  to  avoid  boiling 
problems.  Around  the  temperature  of  2  K,  scat¬ 
tering  is  completely  determined  by  gas  atom  scat¬ 
tering  and  ripplon  scattering  is  negligible.  In  this 
regime,  far  above  the  Wigner  crystal  phase  transi¬ 
tion  [7],  the  electron  correlations  are  not  impor¬ 
tant  and  the  level  width  and  transport  properties 
should  be  described  by  the  early  theory  of  Ando 
and  Uemura  [8]  based  on  the  self  consistent  Born 
approximation  (SCBA).  It  was  found  experimen¬ 
tally  that  this  theory  reasonably  well  explains 
magnetoconductivity  data  in  the  gas  atom  scatter¬ 
ing  regime  [2,3]  even  up  to  fields  as  high  as  22  T 
[5].  The  SCBA  theory  yields  a  semi-elliptic  shape 
for  the  Landau  levels  with  half  width  T  = 
(2(i2a)c/irr(0))1/2,  where  wc  is  the  cyclotron  fre¬ 
quency  and  t(0)  the  zero  field  scattering  time.  At 
2  K  and  20  T,  using  the  zero  field  mobility  of  1.7 
m2/V  •  s  [9],  this  gives  IF /kT  ~  3.9  while 
hcoc/kT~  13.  These  values  characterize  the  ex¬ 
perimentally  closest  approach  to  the  ultra-quan¬ 
tum  limit,  kT  T  hcoc ,  where  all  electrons 

reside  in  the  low-energy  tail  of  the  lowest  Landau 
level.  The  SCBA-theory  predicts  a  normal,  linear 
Hall  effect  even  in  the  quantum  limit:  pxy  =  B/ne 
=  h/ve2  (pxy  is  the  off-diagonal  component  of 
the  resistivity  tensor  or  Hall  resistivity,  B  is  the 
magnetic  field,  n  the  electron  density,  e  the  ele¬ 
mentary  charge,  h  the  Planck  constant  and  v  = 
nh /eB  the  Landau  level  filling  factor).  The  linear 
Hall  effect  was  verified  experimentally  in  the  gas 
atom  scattering  regime  up  to  well  into  the  quan¬ 
tum  limit  [10,11].  It  was  noted  previously  [11]  that 
the  SCBA-theory  predicts  strong  deviations  from 
the  linear  Hall  effect  in  the  ultra-quantum  limit 
with  p  a  B1/2.  The  aim  of  the  present  work  is 
to  investigate  the  Hall  effect  in  the  ultra-quantum 
limit  at  temperatures  of  around  2  K  in  magnetic 
fields  up  to  20  T. 

The  measurement  of  the  transport  parameters, 
especially  the  Hall  resistivity,  for  the  SSE-system 
presents  a  considerable  experimental  problem  be¬ 
cause  of  the  impossibility  of  attaching  DC  con¬ 
tacts  to  the  sample.  Therefore,  one  must  resort  to 
AC-capacitive  coupling  techniques.  In  strong 
magnetic  fields  such  an  AC-excitation  leads  to  a 
localised  edge  mode  [10,12].  Thanks  to  the  inho¬ 
mogeneous  density  distribution  at  the  edge  of  the 


SSE,  the  edge  mode  exists  in  the  form  of  a 
moderately  damped  propagating  wave  called  an 
edge  magnetoplasmon  for  suitable  frequencies 
and  densities.  Being  first  observed  in  the  colli¬ 
sionless  limit,  cot  »  1  (co  angular  frequency,  r 
scattering  time)  [13],  it  was  recently  shown  that  it 
exists  down  to  very  low,  audio,  frequencies  [14].  It 
can  be  regarded  as  a  dynamical  Hall  effect  and  is 
therefore  also  called  the  AC  Hall  effect.  The 
dispersion  relation,  which  under  suitable  circum¬ 
stances  can  be  measured,  depends  directly  on  pxy 
as  it  should  for  a  Hall  effect.  Here,  we  extend 
previous  data  around  2  K,  that  were  essentially  in 
the  classical  Hall  effect  regime  [14],  up  to  ultra- 
quantizing  fields  in  an  attempt  to  investigate  pxy 
in  this  limit. 


2.  Experimental 

An  array  of  electrodes  with  14  mm  diameter, 
shown  in  the  inset  to  Fig.  2,  was  placed  typically 
0.5  mm  below  the  helium  surface.  One  of  the 
outer  electrodes,  say  1,  was  excited  with  an  AC- 
voltage  V0  cos  cot.  The  currents  in-  and  out-of¬ 
phase  with  respect  to  the  driving  voltage,  induced 
on  one  of  the  other  outer  electrodes  (usually 
diametrically  opposite  to  the  driving  one,  e.g.  5) 
was  measured  using  a  current  amplifier  and 
dual-phase  phase  sensitive  detector.  Confining 
potentials  were  put  on  an  upper  plate  and  a 
surrounding  circular  guard  ring.  The  homogene¬ 
ity  of  the  resistive  magnet  was  sufficient  to  ignore 
helium  level  variations  with  magnetic  field  [5]. 
For  each  measuring  frequency,  the  currents  mea¬ 
sured  with  the  surface  uncharged  were  subtracted 
from  the  data  to  account  for  stray  resistances  and 
capacitances.  The  measured  phase  shift  was  cor¬ 
rected  for  phase  shifts  of  the  current  amplifier. 


3.  Results  and  discussion 

Because  at  low  frequencies  and  zero  magnetic 
field  the  experimental  system  behaves  as  an  RC- 
circuit,  the  convention  is  adopted  to  write  the 
measured  current  as  /  =  YV0,  where  Y  is  defined 
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Fig.  1.  G  and  C  versus  magnetic  field.  T  =  2  K,  (o/2tt  =  5 

kHz.  From  a  to  f,  n  is  10.5,  8.2,  5.8,  4.7,  3.5  and  1.2  XlO11 

2 


as  Y  =  G  +  jo)C.  A  set  of  raw  data  is  given  in  Fig. 
1,  for  a  fixed  frequency  at  several  densities. 

The  most  convenient  parameter  to  analyse  is 
the  phase  shift  </>,  defined  as  </>  =  arctan (G/coC). 
This  phase  shift  is  proportional  to  the  edge  mode 
wavevector,  and  so  to  pxy ,  in  the  edge  mode 
regime,  provided  that  the  damping  length  is 
shorter  than  the  sample  circumference  [14].  The 
( f>(B )  curves  obtained  from  the  data  of  Fig.  1  are 
shown  in  Fig.  2.  From  Figs.  1  and  2,  it  follows 
that  the  phase  increases  with  field,  while  the 
amplitude  decreases,  depending  on  the  combina- 


Magnetic  Field  (T) 

Fig.  2.  Phase  versus  field  for  the  data  in  Fig.  1.  The  inset 
shows  the  electrode  geometry. 


Fig.  3.  pxy  (  X  ne )  versus  field,  (a)  semi-elliptic  and  (b)  Gauss¬ 
ian  DOS,  (c)  linear.  Inset:  extended  field  range. 

tion  of  frequency  co  and  density  n  chosen,  as 
these  control  the  damping  length  [12,14].  When  n 
and  o)  are  chosen  so  that  the  amplitude  has 
become  unmeasurably  small  in  fields  below  10  T, 
the  <f)(B)  curves  are  linear  beyond  some  transient 
low-field  region.  The  total  measured  phase  shift 
is  then  about  10  rad.  This  is  the  behaviour  re¬ 
ported  before  for  fields  less  than  4  T  [14]  and 
now  verified  in  an  extensive  series  of  measure¬ 
ments  up  to  10  T.  A  typical  example  of  this  is 
curve  (f)  in  Figs.  1  and  2.  The  linear  behaviour  is 
in  agreement  with  the  expected  linear  Hall  effect. 

The  situation  changes  significantly  upon  choos¬ 
ing  lower  frequencies  and/or  higher  densities,  so 
that  there  is  an  appreciable  signal  magnitude 
above  10  T.  Firstly,  as  seen  from  Fig.  1,  hardly 
one  oscillation  cycle  (corresponding  to  a  phase 
change  of  2  77)  can  be  observed  before  the  signal 
has  decayed.  Secondly,  as  seen  from  Fig.  2,  there 
is  hardly  any  region  where  is  linear. 

As  to  the  physical  interpretation  of  these  ob¬ 
servations,  it  is  tempting  to  consider  a  nonlinear 
Hall  effect  as  a  cause.  Fig.  3  shows  a  plot  of  pxy 
calculated  from  the  SCBA-theory  [8,11]  for  the 
parameters  of  the  experiment.  The  Hall  effect  is 
sublinear,  tending  to  Bl/2;  the  deviation  is  about 
30%  at  20  T. 

There  are  several  complications  that  hamper  a 
firm  interpretation  of  the  data.  A  rigorous  theory 
only  exists  for  the  limiting  case  where  the  width 
of  the  edge  mode  is  comparable  to  the  width  of 
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the  density-inhomogeneity  at  the  edge  [15].  Even 
then,  the  theory  assumes  axx  ^  axy  (diagonal  and 
off-diagonal  components  of  the  conductivity  ten¬ 
sor  respectively),  so  that  axy  =  1  /pxr  The  results 
are  expressed  in  axy  rather  than  1  /pxy  but  from 
a  simplified  analysis,  the  relevant  parameter  is 
expected  to  be  1  /pxy.  The  SCBA-theory  in  the 
ultra-quantum  limit  predicts  the  opposite  in¬ 
equality,  with  <rxx  and  axy  comparable  at  2  K  and 
20  T.  This  means  that  the  Hall  angle  (arctan 
(c rxy/axx ))  is  no  longer  close  to  90°,  which  in  fact 
could  also  be  related  to  the  observed  stronger 
damping  in  large  fields. 

The  general  situation  has  been  studied  in  the 
transmission  line  approximation  with  a  semi-em¬ 
pirical  edge  capacitance  to  yield  the  edge  magne- 
toplasmon  [14].  This  simple  model  gives  an  extra 
contribution  to  k  which  depends  on  pxx  [12],  at 
least  in  the  limit  where  the  spatial  width  of  the 
edge  mode  is  large  compared  to  the  width  of  the 
electron  inhomogeneity  at  the  edges.  The  two 
contributions  should  be  distinguishable  by  their 
different  n /<o  dependencies  (square  root  and  lin¬ 
ear  respectively).  A  preliminary  result  of  such  a 
detailed  analysis  yields  a  pxy(B )  curve  that  is 
surprisingly  close  to  the  theory  shown  in  Fig.  3, 
but  a  fortuitous  agreement  cannot  be  ruled  out. 

As  previously  suggested  [5],  the  shape  of  the 
tails  of  the  Landau  level  could  be  important  in 
the  limit  F^kT.  In  Fig.  3  therefore  is  also 
plotted  the  result  for  pxy  when  a  Gaussian  den¬ 
sity  of  states  (DOS)  is  inserted  phenomenologi¬ 
cally  in  the  SCBA-formulas  [8,11].  The  difference 
is  not  large  in  the  presently  used  field  region,  but 
huge  in  the  real  ultra-quantum  limit.  Using  a 
Gaussian  DOS  gives  a  classical,  linear  Hall  effect 
again  (see  inset  in  Fig.  3)!  This  result  is  of  inter¬ 
est  in  view  of  recent  discussions  on  the  universal¬ 
ity  of  the  Hall  effect  in  degenerate  systems.  There, 
apart  from  the  QHE-plateau  regions,  the  Hall 
effect  is  always  classical,  even  in  the  localised 
Wigner  lattice  regime  where  pxx  diverges  [16]. 
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